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Captive breeding programs (CBPs) are essential for providing insurance populations of 
threatened amphibians, yet often face inherent difficulties associated with stimulating 
breeding behaviour in captivity. In recent years, the emerging field of amphibian 
assisted reproductive technologies (ARTs) has gained momentum as a solution to the 
low propagation of viable offspring. ARTs aim to enhance fertility through the 
manipulation of male and female gametes, and may include techniques such as the 
hormonal induction of gamete-release, artificial fertilisation (AF) and short-term 
(refrigerated) and long-term (cryopreservation) gamete storage. Sperm quality is 
arguably one of the most important factors leading to successful AF in vertebrates, 
however, knowledge of the factors influencing sperm quality among anuran amphibians 
remains limited. Chilled-sperm storage (between 0 and 10°C) is integral to successful 
AF in frogs because asynchrony of gamete release is common and sperm can be stored 
short-term while oocytes are collected. Poor sperm recovery post-storage has been 
reported across various species and suboptimal storage and activation conditions appear 
to be the primary cause. However, we currently know very little about what conditions 
are optimal to support sperm during storage, and for their successful motility activation 
post- storage. Additionally, to obtain optimal sperm quality required for AF, there might 
be value in manipulating certain aspects of the captive environment. Diet and nutrition 
have been strongly linked to sperm quality and performance across vertebrate groups, 
however, little is known about the effect of specific nutrients and minerals on male 
reproductive performance in anurans. To date, very few studies have attempted to 
manipulate the diet of captive anurans as a means to improve the reproductive condition 
of individuals, and in turn, reproductive outcomes.  
Employing a series of manipulative laboratory experiments, the general aim of 
this thesis was to investigate protocols for producing and maintaining high quality 
spermatozoa in the critically endangered booroolong frog (L. booroolongensis). The 
specific aims were two-fold; first to develop protocols to improve short-term sperm 
storage and sperm-motility activation, and second to investigate the effect of long-term 
dietary antioxidant supplementation on sperm production and performance. The dietary 
study also afforded the opportunity to investigate the effect of antioxidants on anuran 




 The first data chapter (Chapter two) aimed investigate the dose-dependant effect 
of gentamicin on bacterial abundance and sperm performance in sperm obtained via 
testis maceration and hormonal induction. Bacteria can attack sperm cells, or deplete 
valuable resources within the storage medium, and antibiotic supplementation at 
optimal doses has the potential to eliminate detrimental effects on sperm performance, 
and enhance sperm motility recovery. This study reports the first evaluation of bacterial 
abundance in sperm samples generated as spermic urine, or by testis maceration, in an 
anuran, and is the first to test the effects of different antibiotic doses on sperm 
performance during short-term storage. While antibiotic supplementation with a broad-
spectrum antibiotic (gentamicin) did not improve sperm longevity as expected, it did 
effectively reduce or eliminate bacterial abundance in both spermic urine and testis 
macerate samples treated with intermediate antibiotic doses, without compromising 
sperm performance. The use of antibiotics to control infectious agents in livestock and 
aquaculture industries is common practise and this study identified, for the first time, a 
non-spermicidal dose of antibiotic to inhibit or reduce bacterial abundance in sperm 
samples of anurans. This result highlights that antibiotic treatment provides an 
important tool to prevent the transfer of potential disease agents when sperm is 
transported between captive institutions for biobanking or AF.  
 Chapter three aimed to investigate the potential to optimise the post-storage 
recovery of sperm motility using two known antioxidants; vitamin C and E. Post-
activation, motile sperm can generate high levels of reactive oxygen species (ROS) that 
can accumulate quickly and impair sperm motility and fertilising ability during AF. The 
addition of antioxidants to sperm suspensions has been proposed as a means of 
protecting the cells from oxidative stress and enhancing motility. However, there has 
been a distinct lack of research effort in anurans, and this study represents the first 
attempt in any anuran to improve sperm-motility activation by supplementing sperm 
suspensions with antioxidants in vitro. Vitamin C supplementation was detrimental to 
sperm motility across all tested concentrations, while vitamin E had no effect. This 
study prompts the need for further investigation on the endogenous antioxidant system 
of anuran sperm to ascertain whether alternative antioxidants may be more suitable at 
reducing ROS produced during sperm activation in vitro.  
 Chapter four aimed to investigate the dose-dependent effect of dietary 




beta-carotene supplementation on sperm performance in any anuran. It currently stands 
as the largest of its kind (43-47 replicate individuals in each of the four treatments 
applied over 53 weeks), and is one of only four to investigate the effects of dietary 
carotenoids on sperm performance across all vertebrate species. Despite the predication 
that beta-carotene would act as a powerful antioxidant, protecting sperm cells from 
oxidative stress and improving sperm performance, no evidence was found that 
supplementation at any dose improved sperm motility or velocity at 0, 3 or 6 hours post-
activation. It is possible that carotenoids may have been preferentially invested in other 
fitness-determining traits such as growth and development, immune function or exercise 
performance, rather than in sperm quality. Overall, Chapter four highlights the need for 
on going research to determine the extent to which benefits of dietary carotenoids in 
vertebrates are species specific, and whether dietary manipulation has any capacity to 
improve sperm quality for AF in threatened anuran species.  
 Chapter five provides an investigation of whether dietary beta-carotene 
influences the growth and development of L. booroolongensis. Although dietary 
carotenoids are considered to benefit the health and viability of vertebrates, evidence for 
beneficial effects remains limited. This might be because few studies have tested for 
dose and life stage dependant effects. For this chapter, a large dietary supplementation 
experiment was employed to investigate the effect of beta-carotene dose on pre and post 
metamorphic growth and development in the booroolong frog. Results showed that 
larvae receiving an intermediate dose grew faster and metamorphosed significantly 
earlier than unsupplemented frogs. After metamorphosis, frogs fed the highest beta-
carotene dose displayed significantly smaller body mass and lower body condition 
compared to unsupplemented and low supplemented frogs. These results are the first to 
demonstrate dose-dependant and life stage dependant effects of beta-carotene on 
vertebrate growth and development, and add to a very small but growing body of 
evidence that dietary micronutrients can influence various vertebrate fitness-
determining traits. The findings also have important conservation implications for L. 
booroolongensis, and other threatened anurans held in captive assurance colonies. 
Manipulating nutrition has enormous potential to enhance the viability of individuals in 





 Collectively, the findings of my thesis highlight the need to enhance sperm 
quality in vitro, which could have enormous potential to improve AF and biobanking 
outcomes for threatened anurans. Furthermore, the findings draw attention to the value 
of using dietary manipulation to improve growth and development of captive L. 
booroolongensis, which potentially has application to other threatened anuran species. 
Broadly, this thesis contributes to our understanding of how sperm quality can be 
optimised in an externally fertilising vertebrate and provides a basis for further research 





















There are so many very important people in my life that have provided me with 
unwavering support throughout this journey that I would like to thank.  
 
First, I would like my deepest appreciations to go to my wonderful supervisors Aimee 
Silla and Phil Byrne. “Supervisors” in no way properly describes the role you have 
played in my life, you’ve been mentors, inspirers and friends. Whenever I hear the song 
“Mango Tree” by Angus and Julia stone, I feel such warmth in my heart, because it 
reminds me so vividly of the first time I met you both and you were playing this song in 
the office. It felt like home. We chatted for what felt like hours about potential 
undergraduate projects I could be involved in. Aimee and Phil, your passion and utter 
enthusiasm for conservation biology and the wonders of science just radiates from you 
both and it’s so infectious it was impossible for me not to catch the “biology bug”.  I 
certainly have never been that person to be picked out of a crowd and to be selected to 
work alongside you both has been truly an honour. Thank you for taking that chance on 
me all those years ago. I would also like to thank Head of School James Wallman for 
the valued advice and mentoring over the past 10-years, since I was a student in your 
first year biology subject, through my honours and now for all your constructive 
comments and suggestions throughout my Ph.D. journey. Your cheerful, passionate, 
warm and enthusiastic approach to supervision has guided me to create a thesis that I 
am very proud of.  
 
I would like to give an enormous thank you Andy Davis and Marian Wong whom 
provided support and guidance during this thesis. I have also had the opportunity to 
work with some very inspiring and knowledgeable biologists and industry professionals, 
including Michael McFadden (Taronga Zoo), Peter Harlow (Taronga Zoo) and David 
Hunter (Office of Environment and Heritage). Their willingness to share knowledge and 
expertise is greatly appreciated. I am very thankful to Jai-Brien Cooper and Adam 
Skidmore for their support with booroolong frog husbandry and housing setup, it was 






To my Mum and Dad, you are my emotional support and my strength, and I certainly 
haven’t had the best few years of my life. I know how terribly worried you have been 
and I’m so sorry for all the stress you’ve felt through me. You cry with me, worry with 
me and now its finally time to laugh and smile with me again. I honestly can’t even 
bring together the words to thank you enough for absolutely everything you have done 
for me, through financial support to picking me up and forcing me to take one step in 
front of the other, day after day. I don’t know that I will ever be able to repay you both, 
but I am certainly going to spend every day trying. To the best human I will ever know, 
my brother Michael, you taught me how to fly and still do. You’re the first person I turn 
to for advice and support, the first person I want to tell good news to or tell a funny 
story to. I have looked up to you my whole life and honestly don’t know how I got so 
lucky to your sister. Your gentle approach to pushing me through personal challenges 
over the past few years is what has seen me through. To my beautiful sister in law 
Sarah, having you in our lives has made our family feel complete. It feels like you’ve 
been here all my life and I’m not sure how I ever got through without your support. 
Thank you for just listening, not trying to solve all my problems and worries, but just 
being there, by my side. To my very vivacious and loving Nanna, Euince, you have 
continually been a source of support and love and supported me in all my endeavours.  
 
“Friendship is the most underrated relationship in our lives. It remains the one relation 
not bound by law, blood, or money – but an unspoken agreement of love” – Hanya 
Yanaghiara. With that I need to thank the best friends a girl could ask for: Jessica 
Kirton, Jenny Troung, Sarah Holmes, Emma Schmit, Isobel Davis, Guy Watson, James 
Fiumara, Casper Smith, Matt Harvey, Linda Valencic, Kayla Carter, Melissa Huntsman, 
Emma Wright, Laura Lopez and Amy-Marie Gilpin. I’m so lucky to have such a 
wonderful support network that would make me laugh until I would cry, picked me up 









This work contains no material which has been accepted for the award of any other 
degree or diploma in any university or other tertiary institution to Leesa Margaret 
Keogh and, to the best of my knowledge and belief, contains no material previously 
published or written by another person, except where due reference has been made in 
the text. I give consent to this copy of my thesis when deposited in the University 
Library, being made available for loan and photocopying, subject to the provisions of 
the Copyright Act 1968.  
 
The author acknowledges that copyright of published works contained within this thesis 
(as listed below) resides with the copyright holder(s) of those works. I also give 
permission for the digital version of my thesis to be made available on the web, via the 
University‘s digital research repository, the Library catalogue, the Australasian Digital 
Theses Program (ADTP) and also through web search engines, unless permission has 
been granted by the University to restrict access for a period of time. 
 
This thesis contains four data chapters, each of which is written as a manuscript for 
publication, and is therefore intended to stand alone. With this, some information may 
be redundant or repeated. While the candidate made substantial contributions to the 
manuscripts and is responsible for the data presented in this thesis, where the first 
person is used in the manuscripts it is used in the plural (‘we’) to reflect contributions 
from co-authors. Dr Aimee Silla and Dr Phillip Byrne conceived the study, were 
involved in project design, guided data collection and statistical analyses and 
contributed to data interpretation and writing of all manuscripts/chapters. All 









This thesis is submitted as a series of discrete manuscripts. The following manuscripts 
have been accepted for publication in international journals: 
 
Keogh, L.M., Byrne, P.G., Silla, A.J., 2017. The effect of gentamicin on sperm motility 
and bacterial abundance during chilled sperm storage in the Booroolong frog. General 
and Comparative Endocrinology 243, 51-59 (Chapter 2) 
 
Keogh, L.M., Byrne, P.G., Silla, A.J., 2017. The effect of antioxidants on sperm 
motility duration in the Booroolong Frog. Animal Reproduction Science 183, 126-131 
(Chapter 3) 
 
Keogh, L.M., Silla, A.J., Byrne, P.G., 2018. Effect of long-term dietary beta-carotene 
supplimentation on sperm concentration and motility in an endangered amphibain. 
Animal Reproduction Science 195, 259-265 (Chapter 4) 
 
Keogh, L.M., Silla, A.J., McFadden, M. Byrne, P.G., 2018. Dose and life stage-
dependant effects of dietary beta-carotene supplimentation on the growth and 
development of the Booroolong Frog. Conservation physiology 6(1), p.coy052 












LIST OF ABBREVIATIONS 
 
ACAP  Amphibian Conservation Action Plan 
AF  Artificial fertilisation  
ATP  Adenosine triphosphate 
ARTs  Assisted reproductive technologies  
CASA  Computer assisted sperm analysis  
CaCl2  Calcium chloride  
CBPs  Captive breeding programs 
CFU  Colony forming unit 
DNA  Deoxyribonucleic acid  
hCG  Purified human chronic gonadotropin 
IUCN  International Union for Conservation of Nature 
IVF  in-vitro fertilisation  
KCl  Potassium chloride  
LHRHa Luteinizing hormone-release hormone 
NaCl  Sodium chloride  
NaHCO3 Sodium bicarbonate  
PDE  Phosphodiesterase  
ROS  Reactive oxygen species 
SAR  Simplified amphibian ringer 
SEM  Standard error mean 
SVL  Snout-vent length 
VAP  Average path velocity  








TABLE OF CONTENTS 
 
1  General Introduction ........................................................................................... 17 
1.1 Amphibian extinction crisis .......................................................................... 17 
1.2 Captive breeding programs and the role of amphibian assisted  
 reproductive technologies (ART) .................................................................. 18 
1.3 Gamete collection and storage ...................................................................... 19 
 1.3.1 Collection of gametes for artificial fertilisation (AF) .......................... 19 
 1.3.2 The need for gamete storage ................................................................ 19 
 1.3.3 Short-term storage of oocytes verses sperm ......................................... 20 
 1.3.4 Short-term storage of sperm and the use of antibiotics ........................ 21 
 1.3.5 Sperm activation post storage and the role of antioxidants .................. 22 
1.4 The role of dietary antioxidant supplementation to improve sperm  
 production and performance ......................................................................... 24 
1.5 The study species .......................................................................................... 26 
1.6 Thesis outline ................................................................................................ 27 
2  The effect of gentamicin on sperm motility and bacterial abundance during  
chilled sperm storage in the Booroolong frog ........................................................ 29 
2.1 Abstract ......................................................................................................... 29 
2.2 Introduction ................................................................................................... 30 
2.3 Methods ......................................................................................................... 33 
 2.3.1 Experiment one: testis macerate samples ............................................. 34 
 2.3.2 Experiment two: spermic urine samples .............................................. 38 
2.4 Results ........................................................................................................... 40 
 2.4.1 Experiment one: testis macerate samples ............................................. 40 
 2.4.2 Experiment two: spermic urine samples .............................................. 44 
2.5 Discussion ..................................................................................................... 48 
3  The effect of antioxidants on sperm motility activation in the Booroolong  
frog ............................................................................................................................. 52 
3.1 Abstract ......................................................................................................... 52 
3.2 Introduction ................................................................................................... 52 




 3.3.1 Experiment one: vitamin C .................................................................. 56 
 3.3.2 Experiment two: vitamin E .................................................................. 57 
3.4 Results ........................................................................................................... 59 
 3.4.1 Experiment one: vitamin C .................................................................. 59 
 3.4.2 Experiment two: vitamin E .................................................................. 62 
3.5 Discussion ..................................................................................................... 65 
4  Investigating the effect of long-term dietary beta-carotene supplementation on 
sperm performance in the Booroolong frog ........................................................... 68 
4.1 Abstract ......................................................................................................... 69 
4.2 Introduction ................................................................................................... 69 
4.3 Methods ......................................................................................................... 72 
4.4 Results ........................................................................................................... 79 
 4.4.1 Sperm concentration ............................................................................. 79 
 4.4.2 Percent sperm motility ......................................................................... 79 
 4.4.3 Curvilinear velocity .............................................................................. 79 
 4.4.4 Average path velocity .......................................................................... 80 
4.5 Discussion ..................................................................................................... 82 
5  Dose and life stage dependant effects of dietary beta-carotene on the growth  
and development of the Booroolong frog ............................................................... 88 
5.1 Abstract ......................................................................................................... 88 
5.2 Introduction ................................................................................................... 89 
5.3 Methods ......................................................................................................... 93 
 5.3.1 Larval survival, growth and development ............................................ 94 
 5.3.2 Post-metamorphic survival, growth and development ......................... 96 
5.4 Results ......................................................................................................... 101 
 5.4.1 Larval survival, growth and development .......................................... 101 
 5.4.2 Post-metamorphic survival, growth and development ....................... 105 
5.5 Discussion ................................................................................................... 109 
6  General discussion .............................................................................................. 116 
6.1 Research framework .................................................................................... 116 
6.2 Advances in management of sperm quality in vitro .................................... 117 
 6.3.1 Sperm storage ..................................................................................... 117 




6.3 Advances in manipulating diet for enhanced sperm quality and animal  
 growth ......................................................................................................... 120 
 6.4.1 Dietary carotenoids and sperm performance ...................................... 120 
 6.4.2 Dietary carotenoids and growth and development ............................. 121 
6.4 Future research priorities ............................................................................. 123 
6.5 Conclusions ................................................................................................. 125 
References ........................................................................................................... 127 
Appendix 1: Complimentary experiment: the effect of cellulose on larval growth and 
development in the Booroolong frog ....................................................................... 152 
Appendix 2: A detailed summary of all vertebrate literature (non-human) that has 
investigated the effect of dietary carotenoid supplementation on growth and  
development ............................................................................................................. 154 
 Appendix 3: Carotenoid composition of the basal diet fed to larval and post-


















 Fig. 1 Sub-adult male captive Booroolong Frog ....................................................... 27 
 
Fig. 2 Nuptial pad morphology of adult male Booroolong frogs .............................. 34 
 
Fig. 3 Photo of nutrient agar plate after sperm sample was spread across it and  
incubated for 24-hours at 30°C .................................................................................. 36 
 
Fig. 4 Effect of gentamicin dose (0, 1, 2 & 4 mg mL-1) on bacterial abundance  
over 12-days of cold storage, in sperm suspensions obtained from testicular  
maceration .................................................................................................................. 41 
 
Fig. 5 Effect of gentamicin dose (0, 1, 2, 3 & 4 mg mL-1) on (a) percentage sperm  
motility and (b) sperm velocity (VCL) over 24-days of cold storage, in sperm  
suspensions obtained from testicular maceration ....................................................... 43 
 
Fig. 6 Effect of gentamicin dose (0, 1, 2, 3 & 4 mg mL-1) on bacterial abundance over  
6-days of cold storage, in spermic urine samples ...................................................... 45 
 
Fig. 7 Effect of gentamicin dose (0, 1, 2, 3 & 4 mg mL-1) on (a) percentage sperm  
motility and (b) sperm velocity (VCL) over 6-days of cold storage, of spermic urine  
samples ....................................................................................................................... 47 
 
Fig. 8 Schematic of the layout of the experimental room; each row represents a shelf  
in temperature control room (1-4) .............................................................................. 75 
 
Fig. 9 Schematic of the layout of the experimental room; each row represents a shelf  
in temperature control room (1-4) .............................................................................. 98 
 
Fig. 10 a) the experimental setup in temperature control room at UOW; b)  
photograph of tadpole with graph paper to enable morphometric measurements  





Fig. 11 Effect of dietary beta-carotene supplementation (0, 0.1, 1 and 10 mg g-1) on 
tadpole body size (body and head length) over 8 experimental weeks in the  
booroolong frog ........................................................................................................ 102 
 
Fig. 12 Effect of dietary beta-carotene supplementation (0, 0.1, 1 and 10 mg g-1) on 
 time to metamorphosis in booroolong frogs ........................................................... 104 
 
Fig. 13 Effect of dietary beta-carotene supplementation (0, 0.1, 1 and 10 mg g-1) on  
(a) adult body mass (g) and (b) adult snout-vent length over 7 experimental months 









LIST OF TABLES 
 Table 1 Effect of vitamin C on sperm motility (percent) over a 6-hour period  
post-activation. ........................................................................................................... 60 
 
Table 2 Effect of vitamin C on sperm velocity (VCL) over a 6-hour period  
post-activation. ........................................................................................................... 61 
 
Table 3 Effect of vitamin E on sperm motility (percent) over a 6-hour period  
post-activation. ........................................................................................................... 63 
 
Table 4 Effect of vitamin E on sperm velocity (VCL) over a 6-hour period  
post-activation. ........................................................................................................... 64 
 
Table 5 Composition of experimental diets supplied during the larval life stage. .... 77 
 
 Table 6 Effect of long-term dietary beta-carotene supplementation (0, 0.1, 1 & 10 mg g-
1) on i) sperm concentration, ii) percent sperm motility, iii) curvilinear velocity (VCL), 
and iv) average path velocity (VAP) at 0, 3 & 6 hours post sperm motility activation in 










1.1 AMPHIBIAN EXTINCTION CRISIS  
 
Global rates of species decline are unprecedented, and extinction rates for amphibians 
are higher than any other vertebrate class (Alford and Richards 1999; Wake and 
Vredenburg 2008). With a large number of amphibian species considered both near 
threatened or too data-deficient to classify, the best estimate of threatened amphibian 
species in 2017 was 41% (IUCN 2017a).   
 Several causative agents have been deemed responsible for amphibian decline 
(Kouba and Vance 2009), and although habitat loss poses the greatest threat, 
chytridiomycosis fungal disease is seriously affecting an increasing number of species. 
Amphibians are believed to be particularly susceptible to environmental perturbations 
because i) they have biphasic life-cycles, being dependent on both aquatic and terrestrial 
habitats at varying life stages, ii) they have a small body size and ectothermic 
physiology, and iii) they possess highly porous skin which results in an increased 
sensitivity to environmental toxins and changes in temperature and moisture availability 
(Kouba and Vance 2009).  
Given the rapid rate of decline for many species, and the potential for synergistic 
interactions between causal agents, in situ conservation alone may not be an appropriate 
remedial action for many species. Unfortunately, identifying and eliminating the causes 
of species decline in situ can be a time-consuming process that can result in threatened 
species being monitored to the point of extinction (Clulow et al. 1999). The amphibian 
conservation action plan (ACAP) was developed in 2005 to address the amphibian 
extinction crisis and recommended the establishment and implementation of captive 
insurance colonies for endangered species, to be used in combination with in situ 






1.2 THE ROLE OF AMPHIBIAN ASSISTED REPRODUCTIVE 
 TECHNOLOGIES (ARTs) 
 
Captive breeding programs (CBPs) aim to assist the recovery of threatened fauna by 
generating individuals ex situ for reintroduction to bolster wild populations in situ 
(Browne et al. 2011; Pritchard et al. 2012). Since the first amphibian conservation 
action plan (ACAP) was published in 2007, 77 amphibian CBPs have been established 
for threatened species. Despite considerable investment, a mere 35% of programs have 
been classified as having partial to high success (Silla and Byrne 2019). The main 
reason for CBP failure stems from difficulties initiating breeding behaviour in captivity 
or achieving high fertilisation success (Silla and Byrne 2019).This has resulted in the 
low propagation of genetically viable populations suitable for release (Kouba and Vance 
2009). To address the low levels of natural breeding in captivity, there has been an 
emerging focus on using assisted reproductive technologies (ARTs) to aid in the 
reproduction and genetic management of species (Fitzsimmons et al. 2007; Kouba and 
Vance 2009; Kouba et al. 2009; Browne et al. 2011; Clulow et al. 2014). ARTs aim to 
enhance fertility through the manipulation of gametes (spermatozoa and oocytes) 
(Kouba and Vance 2009; Silla and Roberts 2012). Fundamental components of ART 
include the hormonal induction of gamete-release, artificial fertilisation (AF) and short-
term (refrigerated) and long-term (cryopreservation) gamete storage (Molinia et al. 
2010; Silla and Roberts 2012).  
Artificial fertilisation (AF) also known as in vitro fertilisation (IVF) is a 
procedure that involves the fertilisation of mature oocytes with viable sperm outside the 
body (Coughlan and Ledger 2008; Kouba et al. 2009). The process of AF is relatively 
simple in anurans because their external mode of fertilisation means that there is no 
need for embryo transfer (Clulow et al. 1999). However, there are a number of 
challenges that need to be overcome in order to achieve successful AF in anuran 
amphibians. These include the development of successful gamete-release procedures, 
along with the development of short and long-term gamete storage techniques to enable 







1.3 GAMETE COLLECTION AND STORAGE 
 
1.3.1 Collection of gametes for artificial fertilisation (AF) 
 
Successful AF first requires the collection of viable gametes (spermatozoa and oocytes). 
In anurans, two standard protocols are used to obtain mature gametes: first, via the 
euthanasia of the male or female and subsequent removal of the testes or ovaries 
respectively, and second, through hormone administration to induce gamete-release 
(Uteshev et al. 2013). When applying ART to rare or endangered animals, the collection 
of gametes via hormone administration offers one major advantage: the preservation of 
individuals that can contribute to the gene pool of the captive population in subsequent 
years (Clulow et al. 1999). Both spermiation and ovulation can be induced in anurans 
via administration of reproductive hormones, with purified human chorionic 
gonadotropin (hCG) and synthetic luteinizing hormone-releasing hormone (LHRHa) 
proven to be the most effective (Silla and Roberts 2012; Kouba et al. 2013). Protocols 
to induce gamete-release in amphibians are highly species-specific and optimal 
hormone type, dose and administration frequency need to be developed on a species-by-
species basis (Silla and Byrne 2019). Gamete-induction protocols were initially 
developed for model common species from the genus Xenopus over 80 years ago, 
however, protocols have only been developed for threatened amphibian species over the 
past two decades (Silla and Byrne 2019). Despite the relatively short history of 
amphibian gamete-release induction for conservation purposes, optimal protocols have 
successfully been developed for a growing number of threatened species (Silla and 
Byrne 2019). 
 
1.3.2 The need for gamete storage  
 
To ensure successful fertilisations during AF, it is essential to use gametes of maximum 
viability. Sperm and oocyte viability post-release has been shown to decline with time 
(Browne et al. 2001). As a result, a major challenge with amphibian ART is ensuring 
the availability of viable gametes from both sexes simultaneously (Kouba and Vance 
2009; Kouba et al. 2009). Asynchrony of gamete release is common and usually 




taking a longer and more variable time to respond to hormone administration compared 
to males (Silla and Roberts 2012). One potential solution to this problem is to store the 
gametes of one sex, until gametes have been obtained from the opposite sex (Kouba and 
Vance 2009). Gamete storage is either long-term, involving cryopreservation at ultra-
low (freezing) temperatures, or short-term, typically involving refrigeration at low 
temperatures (0°C-10°C).  
The cryopreservation of oocytes and embryos is yet to be achieved in anurans 
due to the large yolk volume of anuran eggs inhibiting successful penetration of 
cryoprotectants (Kouba et al. 2013; Clulow and Clulow 2016). In contrast, the 
cryopreservation of anuran sperm has been achieved in a number of species from 
several different families (Beesley et al. 1998; Browne et al. 1998; Michael and Jones 
2004; Fitzsimmons et al. 2007). While sperm cryopreservation can allow sperm to be 
used for AF up to several decades after its initial collection (Holt 1998; Holt 2008), it 
uses sophisticated and expensive equipment as well as complicated methodology that is 
not always available at captive breeding facilities (especially those in developing 
countries) (Browne et al. 2001; Browne et al. 2002a). Furthermore, there is growing 
evidence that the viability of sperm in many species decreases considerably post-thaw 
with average post-thaw viability of sperm from many species falling below 45% 
(Browne et al. 2002a). For example, Browne et al. (2002) found that spermatozoa from 
several hylid and myobatrachid frogs stored at 0°C retained greater motility compared 
to cryopreserved sperm stored for 3 days at -80°C (Browne et al. 2002a). Alternatively, 
short-term storage of amphibian sperm is recommended in circumstances when sperm 
are to be used within several days of egg collection or when sperm samples are required 
to be transferred between captive institutions for AF or subsequent biobanking at a 
facility with cryopreservation equipment.  
 
1.3.3 Short-term storage of oocytes verses sperm 
 
When gametes are stored at optimal conditions, oocytes decline in viability at a much 
faster rate than sperm (Browne et al. 2001). Evidence suggests that anurans can 
maintain sperm motility for several days (Hollinger and Corton 1980; Browne et al. 
2001; Browne et al. 2002a; Browne et al. 2002b; Kouba et al. 2009; Silla and Roberts 




16 hours (Hollinger and Corton 1980; Browne et al. 2001; Silla and Roberts 2012). This 
disparity in storage time between sperm and eggs means that developing protocols for 
storage of sperm is potentially more efficient. Sperm can be stored and ready for 
immediate use during AF when eggs are released by the females. Consequently, there is 
a consensus in the literature that research efforts should preferentially focus on 
developing and refining storage protocols for sperm (Kouba et al. 2009).  
 
1.3.4 Short-term storage of sperm and the use of antibiotics to control bacteria 
 
Increasing sperm longevity is pivotal in maintaining viable sperm concentrations at 
levels high enough to permit fertilisation (Cabada 1975; Kouba et al. 2009). During 
storage, it is therefore important to optimise storage conditions that promote maximum 
sperm longevity. While there is a paucity of studies investigating optimal sperm storage 
conditions in externally fertilising amphibians, there is a vast literature on this topic in 
externally fertilising fish species. Aquaculture studies highlight a number of factors that 
affect sperm longevity during storage, including temperature (Billard et al. 2004), 
storage-container dimensions (Christensen and Tiersch 1996), pH (Scott and Baynes 
1980), aerobic environment (Billard et al. 1995) and antibiotic supplementation (Billard 
et al. 2004). The field of amphibian ARTs is relatively new, with the majority of studies 
on short-term sperm storage focusing on optimising the storage temperature to retain 
sperm viability over time. Another technique recently investigated in external fertilisers 
is the addition of antibiotics to stored sperm samples to control bacterial contamination 
and associated sperm damage. 
The addition of antibiotics to sperm samples in fish is routinely used to enhance 
sperm viability during short-term storage. Bacterial contamination has been shown to 
negatively affect sperm longevity during short-term storage in fish (Stoss 1978; Saad et 
al. 1988). Antibiotic supplementation, in optimal concentrations in various fish species 
has been shown to counter the harmful effects of bacterial contamination on sperm 
longevity (Christensen and Tiersch 1996; Segovia et al. 2000; Viveiros et al. 2010). 
Given the benefits of antibiotic supplementation in fish, it is possible that at appropriate 
doses, antibiotics may also benefit anuran sperm storage.  
To date, only two published studies have quantified the impact of antibiotic 




addition of the antibiotic penicillin-streptomycin to sperm samples from fowler’s toad, 
Bufo fowleri negatively impacted sperm longevity after two to four days of storage. 
Similar results were reported by Silla et al. (2015) who found that 4 mg mL-1 of 
gentamicin was detrimental to sperm motility during short-term storage in the 
booroolong frog, Litoria booroolongensis. At high concentration, antibiotics may have 
a toxic effect on sperm by reducing the sperm’s mitochondrial function (Segovia et al. 
2000), which can impair sperm motility and fertilisation capacity (Segovia et al. 2000) 
(Evenson et al. 1982; Auger et al. 1989). This negative response is likely to be dose-
dependant, whereby a dose is needed that inhibits bacterial load without compromising 
sperm performance. The finding of Silla et al. (2015) prompt the need for additional 
studies that investigate the effect of antibiotic dose on sperm performance in 
amphibians. Additionally, when working with anurans where two modes of sperm 
collection are possible, the optimal dose of antibiotic administered may also differ. 
When sperm are obtained via spermic urine, the spermatozoa are flushed through the 
cloaca, which is colonised by urinary and faecal bacteria and theoretically comprises a 
much higher bacterial load than sperm obtained via testis extraction and maceration 
(A.J. Silla, E. Love and P.G. Byrne, unpublished data). Further investigation into the 
application of antibiotic supplementation for anuran sperm storage is required before 
recommendations can be made about the benefits of this technique.  
 
1.3.5 Sperm activation post storage and the role of antioxidants 
 
During sperm storage, sperm are kept in an inactivate state to prolong longevity 
(Browne et al. 2001). It is therefore essential to re-activate sperm and initiate their 
motility prior to use in AF. In nature, anuran sperm remain immotile within the testes 
until released into the external environment, where sperm are activated by a decrease in 
osmolality within the water body (Kouba et al. 2009). Accordingly, artificial sperm 
storage techniques aim to simulate natural conditions by maintaining sperm in an 
inactivate state in high osmolality media prior to initiating motility in solutions of lower 
osmolality (Kouba et al. 2003). In external fertilisers, both the proportion of sperm that 
are motile and the duration of motility have been strongly linked to fertilisation success 
(Browne et al. 2015). This decline in sperm motility post-activation appears to be 




(freshwater fish) to up to 68.3 minutes in some frog species (Browne et al. 2015). 
Across taxa it has been suggested that this motility decline is a consequence of the 
accumulation of reactive oxygen species (ROS) (Aurich et al. 1997; Cerolini et al. 
2000; Mirzoyan et al. 2006). Although a natural bi-product of the normal metabolism of 
oxygen, increased production of ROS can overwhelm the sperm cells natural defences 
and cause oxidative stress, ultimately leading to cell damage and death. Oxidative stress 
in spermatozoa has been associated with reduced sperm quality and fertilising capacity 
in vitro (Almbro et al. 2011; Agarwal et al. 2014).  
 Antioxidants are enzymes that inhibit the oxidation of ROS molecules, thereby 
preventing damage to the cells (Vrolijk et al. 2015). The vast majority of research on in 
vitro antioxidant supplementation has focused on their use during sperm storage and the 
results are largely equivocal. While only a handful of studies have investigated the 
effects of supplementing sperm activation media with antioxidants to improve post-
storage sperm motility, the results have been far more consistent, finding improved 
sperm motility or velocity in supplemented samples. It has been suggested that 
supplementing culture media for IVF with antioxidants may protect activated human 
sperm against DNA damage and decrease cell death (Agarwal et al. 2004). To the best 
of my knowledge, only four studies exist on non-human model species that have 
supplemented sperm samples with antioxidant compounds such as trolox (vitamin E 
compound), crocin, catalase and glutathione during the post-thaw process. Each of these 
studies, on either ruminant or boar spermatozoa, reported lowered ROS and lipid 
peroxidation levels, and considerably enhanced sperm motility in samples treated with 
antioxidants. These results indicate that there may be an increased protective capacity of 
antioxidants when added to the samples post-storage, during the activation period of 
sperm, rather than supplementing the sperm storage medium (Berlinguer et al. 2003; 
Gadea et al. 2005; Fernández-Santos et al. 2009; Domínguez-Rebolledo et al. 2010). 
Despite some empirical evidence to support the in vitro use of antioxidants in the 
activation media to improve sperm viability, there has been a lack of research efforts 
across taxa. The use of antioxidants at optimal doses may offer a promising technique 






1.4   THE ROLE OF DIETARY ANTIOXIDANT SUPPLEMENTATION TO 
 IMPROVE SPERM PRODUCTION AND PERFORMANCE  
 
For successful storage and recovery of sperm required for in vitro fertilisation in 
vertebrates, the quality of sperm produced from males is vital and has been strongly 
linked to both fertilisation success and offspring survival (Rurangwa et al. 2004). 
Difference in sperm quality between males has also been suggested to compromise the 
genetic integrity of captive populations when mixed sperm samples are used during AF 
(Rurangwa et al. 2004).  Sperm are deemed high quality when a range of performance 
parameters are optimal such as sperm motility, velocity, concentration, cell morphology 
and DNA integrity (Stoss and Refstie 1983). Sperm motility however is the most widely 
used measure since research has shown that high sperm motility is integral for 
successful fertilisation success (Rurangwa et al. 2004). In captive animals, sperm 
motility can be significantly affected by several components of husbandry during 
growth and development of the individual and during phases of spermatogenesis and 
sexual maturation. Most notably, diet and nutrition have been strongly linked to sperm 
performance across vertebrate taxa and the supplementation of specific vitamins and 
minerals have been shown to optimise various fitness determining traits, including male 
reproductive performance (Stoss and Refstie 1983).  
 Theoretically, dietary antioxidants are expected to improve sperm performance 
by quenching excess oxygen free radicals (ROS) produced by the sperm cells (Tomar et 
al. 2017). Oxygen free radicals are highly reactive and can cause damage to the cells, 
leading to oxidative stress (Almbro et al. 2011). Dietary antioxidants can inhibit 
oxidation by neutralising the ROS molecules and preventing damage to the 
spermatozoa. Sperm cells are vulnerable to oxidative stress because they are motile, 
highly metabolically active cells and lack the enzymes that help mitigate the 
overproduction of ROS (Stoss 1978; Stoss and Refstie 1983). Additionally, sperm cells 
possess a high polyunsaturated fat content and the cells have almost no enzymes, 
making them very sensitive to free radical attack (Lahnsteiner and Mansour 2010; 
Almbro et al. 2011).  
 A number of empirical studies have investigated the influence of dietary 
antioxidants on sperm performance, with positive effects seen in humans (Agarwal et 




et al. 2015). Supplementation of micronutrients such as vitamin C and vitamin E, has 
been shown to improve sperm concentration (Monsi and Onitchi 1991; Ciereszko and 
Dabrowski 1995; Yousef et al. 2003; Eskenazi et al. 2005), sperm motility (Ciereszko 
and Dabrowski 1995; Suleiman et al. 1996; Yousef et al. 2003; Khan et al. 2012) and 
sperm viability (Harris et al. 1979; Yousef et al. 2003; Cerolini et al. 2006; Biswas et 
al. 2007). Dietary carotenoids may have the greatest influence on sperm performance in 
vertebrates. Carotenoids are micronutrients that act as powerful antioxidants and are 
precursors to vitamin A, which is essential to sperm production in mammals (Thompson 
et al. 1964).  To date, only three dietary studies have explored the effects of dietary 
carotenoids on sperm performance, but results have been equivocal. In a study 
investigating effects of two carotenoid types (astaxanthin and beta-carotene) on goldfish 
sperm performance, Tizkar et al. (2015) reported that males supplemented with the 
highest treatment dose of pure astaxanthin and beta-carotene (150 mg g-1) had higher 
sperm concentration and sperm motility compared to unsupplemented and low 
treatment dose supplemented (50 and 100 mg g-1) males. However in convict cichlids 
(Amatitlania nigrofasciata), 0.60 mg g-1 of xanthophyll and beta-carotene supplemented 
independently and in combination had no significant effect on sperm motility or 
velocity (Sullivan et al. 2014). Similarly, Helfenstein et al. (2010) found no effect on 
sperm motility or velocity in great tit (P. major) birds supplemented with a carotenoid 
combination (lutein, zeaxanthin, beta-carotene; exact dose unknown) compared to 
unsupplemented birds (Helfenstein et al. 2010). These inconsistencies may arise due to 
different effects of carotenoid types on different groups, but might also be due to dose 
effects. A significant limitation in the majority of these dietary studies is the lack of 
doses examined despite dose being expected to have a major influence on sperm 
performance. Based on optimality theory, we expect that benefits will be restricted to a 
specific range of ecologically relevant concentrations, with physiological response 
optimised at intermediate concentrations (Christiansen and Torrissen 1996).  
 Despite a growing body of evidence that dietary carotenoids are important in 
anurans, there remain few research efforts on dietary manipulation in optimising 
reproductive performance and no studies investigating the effect on sperm performance 
in any anuran. Recently it was found that red-eyed tree frogs (Agalychnis callidryas) 
and strawberry poison frogs (Oophaga pumilio) exhibited higher fecundity when 




0.2 mg g-1), respectively, compared to unsupplemented frogs (Ogilvy et al. 2012; Dugas 
et al. 2013a). To advance our understanding of the effect of carotenoids on sperm 
performance in amphibians and other vertebrates, there is need for dietary 
supplementation studies that test the effect of specific carotenoid compounds in 
isolation and at various doses.  
 
1.5 STUDY SPECIES: THE BOOROOLONG FROG 
 
The booroolong frog (L. booroolongensis) is a medium-sized (SVL 45-50 mm) frog 
from the Hylidae family, endemic to New South Wales and Victoria, Australia 
(McFadden et al. 2010). Breeding occurs in late austral spring and summer (October 
through early January) and egg clutches (688 - 1784 eggs) are laid in submerged rock 
crevices (Anstis et al. 1998). Tadpoles grow in slow-flowing streams and 
metamorphose in late summer to early autumn (February to April; Hunter and Smith 
2006). L. booroolongensis is listed by the IUCN as critically endangered (Hero et al. 
2004) and in 2008, under the recommendation of the NSW Department of Environment 
and Heritage (OEH), a captive breeding program for the species was established at 
Taronga Zoo (Sydney, Australia). The conservation status of this species makes it an 






Fig. 1 Sub-adult male captive booroolong Frog, University of Wollongong, New South 
Wales © Leesa M Keogh 
 
 
1.6 THESIS OBJECTIVE 
 
The main objective of this thesis was to develop protocols to improve sperm 
performance in the critically endangered booroolong frog, L. booroolongensis. The 
general aims of the thesis are two-fold; first, to develop protocols to improve short-term 
sperm storage and sperm-motility activation (chapters 2 & 3), and second, to investigate 
the effect of long-term dietary antioxidant supplementation on sperm production and 
performance (chapter 4). The long-term dietary manipulation study conducted (chapter 
4) also afforded the opportunity to investigate the effect of dietary antioxidants on the 
growth and development of booroolong frog (chapter 5). 
 





i. Investigate the effect of the in vitro supplementation of gentamicin at various 
concentrations on bacterial abundance and sperm longevity during chilled 
storage  (Chapter two) 
ii. Investigate the effect of in vitro supplementation of antioxidants, vitamin C and 
vitamin E at various concentrations on sperm motility activation (Chapter three) 
iii. Investigate the dose-dependant effect of dietary carotenoid beta-carotene on 
sperm performance at 0, 3 and 6 hours post-activation (Chapter four) 
iv. Investigate the influence of dietary carotenoid beta-carotene on growth and 
development and the effect of supplementation at different doses across both 




















2 THE EFFECT OF GENTAMICIN ON SPERM 
MOTILITY AND BACTERIAL ABUNDANCE 





2.1 ABSTRACT   
 
Antibiotics can inhibit bacterial contamination and extend sperm longevity of stored 
sperm suspensions; a primary goal of captive facilities conducting bio banking and 
artificial fertilisation (AF). This study aimed to evaluate the effects of antibiotic 
supplementation on the short-term storage of sperm from the booroolong frog. Sperm 
suspensions were obtained via either testis extraction and maceration or, following the 
hormonal induction of sperm-release, as spermic urine. The effects of the antibiotic 
gentamicin on: 1) bacterial abundance in storage medium and 2) sperm viability 
(motility and velocity) were assessed. Split-sample experimental designs were used, 
whereby sperm suspensions were evenly divided among experimental treatments. The 
effect of 0, 1, 2, 3 or 4 mg mL-1 gentamicin on the number of viable bacteria cells (CFU 
mL-1) was determined by culturing aliquots of sperm suspension on nutrient agar. 
Sperm performance was assessed using a computer-assisted sperm analysis system. 
Testis-macerate samples were evaluated every 4 days over a 16-day storage period and 
spermic-urine samples evaluated daily over a 6-day storage period. All samples were 
refrigerated at 5°C throughout the storage period. In both testis macerate samples and 
spermic urine samples, gentamicin administered at intermediate to high doses (2, 3 & 4 
mg mL-1) eliminated, or significantly reduced, bacterial abundance. Percent sperm 
motility differed significantly among treatments of testis macerate samples, with high 
gentamicin doses (3 & 4 mg mL-1) exhibiting the lowest sperm motility. All remaining 
treatments (0, 1 & 2 mg mL-1) were statistically similar and maintained sperm motility 
> 55% for the first 16-days of storage. Sperm velocity did not significantly differ among 




motility or velocity when treated with any of the antibiotic doses. While antibiotic 
treatment did not improve sperm longevity as predicated, this is the first study of its 
kind to demonstrate that antibiotic treatment can reduce bacterial abundance without 
compromising sperm viability in an anuran amphibian at intermediate doses. Antibiotic 
supplementation may therefore be an important tool for reducing pathogen transmission 




2.2 INTRODUCTION  
 
Artificial fertilisation (AF) techniques can maximise reproductive output and allow 
greater control of breeding designs for endangered amphibian species in captive 
facilities. Successful AF requires viable gametes (both sperm and eggs) to be available 
simultaneously (Silla 2013). However, asynchrony of gamete-release is common in 
anurans (frogs and toads) and is usually attributed to sex-specific variation in gamete 
maturation rates, with females typically taking a longer and a more variable time to 
respond to hormone administration (Silla 2011).  
One technique used to improve the likelihood of successful fertilisation by 
ensuring the simultaneous availability of viable gametes from both sexes is sperm 
storage. Developing sperm storage protocols that maximise sperm longevity in vitro can 
ensure sperm is available and viable when eggs are released from females. Past studies 
investigating the influence of abiotic factors on sperm performance during short term 
storage have shown that the temperature and osmolality of the storage solution can 
greatly affect sperm longevity, with low temperature (0-5°C) and isotonic osmolality 
(>220 mOsml Kg-1) improving sperm viability (Browne et al. 2002a; Kouba et al. 
2009). Under these conditions, the sperm of a number of Myobatrachid (Edwards et al. 
2004; Dziminski et al. 2010; Silla 2013), Hylid (Browne et al. 2002a; Silla et al. 2015), 
Bufonid  (Browne et al. 2001; Kouba et al. 2003) and Ranid (Mansour et al. 2010) 
species have been successfully stored for 6 to 15 days. For most anuran species, 
however, sperm viability falls below 50% in the first 6 days of storage. While the cause 
of this rapid decline remains unclear, there is emerging evidence that sperm viability 




In a variety of taxa ranging from invertebrates to mammals, bacterial flora has 
been associated with decreased sperm viability, reduced sperm motility and reduced 
fertilisation capacity (Aurich and Spergser 2007; Viveiros et al. 2010; Yaniz et al. 
2010). For example, in a study on channel catfish, sperm motility during refrigerated 
storage dropped from 93% to 1% within 72 hours in contaminated samples, compared 
to sperm suspended in sterile buffers which maintained motility for up to 10 days 
(Jenkins 1997). Bacteria can impair sperm viability in two ways. First, bacteria can 
release enzymes (e.g. proteolytic enzymes), which invade the sperm cells causing cell 
rupture and death (Jenkins 1997), and second bacteria can compete for resources within 
the storage medium (Saad et al. 1988).  
 The addition of antibiotics to stored sperm samples can potentially counter the 
detrimental effects of bacterial contamination and improve sperm longevity (Saad et al. 
1988; Christensen and Tiersch 1996; Segovia et al. 2000; Aurich and Spergser 2007; 
Viveiros et al. 2010; Yaniz et al. 2010). For example, recent work on the storage of 
sperm of the piracanjuba, Brycon orbignyanus found that the addition of 0.1mg mL-1 of 
gentamicin effectively inhibited bacterial growth, yielded higher sperm motility, and 
resulted in higher fertilisation capacity compared to untreated controls (Viveiros et al. 
2010). In amphibians, the effect of antibiotic treatment on sperm during short-term 
storage is yet to be widely investigated. To date, only two published studies have 
quantified the impact of antibiotic treatment on sperm longevity. Germano et al. (2013) 
reported that the addition of the antibiotic penicillin-streptomycin to sperm samples 
from fowler’s toad, Bufo fowleri negatively impacted sperm longevity after two to four 
days of storage. Similar results were reported by Silla et al. (2015) who found that 4mg 
mL-1 of gentamicin was detrimental to sperm motility during short-term storage in the 
booroolong Frog, L .booroolongensis. At high concentration, antibiotics may have a 
toxic effect on sperm by reducing the sperms’ mitochondrial function (Segovia et al. 
2000), which, in turn impairs sperm motility and fertilisation capacity (Evenson et al. 
1982; Auger et al. 1989; Segovia et al. 2000). Such negative effects of antibiotic 
supplementation on sperm are dose-dependent and optimal doses for inhibiting bacterial 
contamination, without compromising sperm viability, may be species specific. As 
such, there is a need for additional studies that explore the effect of antibiotic dose on 




The optimal antibiotic dose to administer to sperm samples during storage may 
also be correlated to the source of bacterial contamination, as well as the bacterial load 
within the sperm suspension. In anurans, two standard protocols are used to obtain 
mature sperm for use in AF. Traditionally, sperm have been obtained via the euthanasia 
of a male and the subsequent removal and maceration of the testes. Here, bacterial 
contamination can occur even when sterile surgical equipment and storage solutions are 
used, and is likely to be a result of contact with bodily fluids released during rupture of 
the bladder or intestinal gut (A. J. Silla, E. Love and P. G. Byrne, unpublished data). 
More recently, due to the decline of many amphibian species, focus has shifted toward 
the use of non-invasive techniques for acquiring sperm, with a specific focus on 
hormonally inducing spermiation (Clulow et al. 1999; Silla 2011; Silla and Roberts 
2012). Following hormone injection, sperm are released as spermic urine, and bacterial 
contamination is common because sperm are flushed through the cloaca, which is 
colonised by urinary and faecal secretions (Kouba et al. 2013; Silla et al. 2015). 
Therefore, sperm samples obtained via hormonal induction of spermiation harbour a 
greater diversity and abundance of bacteria compared with sperm samples obtained via 
testis maceration (A. J. Silla, E. Love and P. G. Byrne, unpublished data), and may 
therefore benefit from supplementation with higher antibiotic doses.  
The objective of this study was to investigate the dose-dependent effect of 
gentamicin on bacterial abundance and sperm performance in sperm samples obtained 
via testis maceration and hormonal induction in the critically endangered booroolong 
frog, L. booroolongensis. Specifically, this study aimed to: 1) evaluate the efficacy of 
gentamicin at reducing bacterial abundance and its effect on sperm performance (sperm 
motility and velocity) during the storage of sperm collected from testis macerates and; 
2) evaluate the efficacy of gentamicin at reducing bacterial abundance and its effect on 
sperm performance (sperm motility and velocity) during the storage of sperm collected 












The procedures outlined below were performed following evaluation and approval by 
the University of Wollongong’s Animal Ethics Committee (approval numbers AE12/17 
and AE14/16). 
 
 Animal collection and husbandry  
Male booroolong frogs, L. booroolongensis were generated from a captive colony held 
at Taronga Zoo (Sydney, NSW, Australia). Once reproductively mature, males were 
transported to the Ecological Research Centre at the University of Wollongong 
(Wollongong, NSW, Australia) where they were housed according to methods 
described elsewhere (See; Silla et al. 2015). Briefly, animals were held in a constant 
temperature room maintained at 22°C with a 13 h/11 h light/dark cycle including a half 
hour dim lighting phase at dawn and dusk. Males were housed in pairs in ventilated 
plastic terrariums (27×17×16.5 cm, L × W × H) containing a layer of aquarium gravel 
and sterilised PVC half-pipes for shelter. Animals had constant access to 1L of reverse 
osmosis (R.O.) water and were fed 10-day old crickets twice a week. At the 
commencement of experiments, males used in ‘Experiment one’ were approximately 3-
years of age post-metamorphosis (weight ranged from 3.65g to 7.80g; mean mass ± 
SEM 5.53 ± 0.23g snout-vent length 4.01 ± 0.07cm) and males used in ‘Experiment 
two’ were approximately 1-years of age post-metamorphosis (weight ranged from 3.14g 
to 4.65g; mean mass ± SEM 3.95 ± 0.09g). All frogs were deemed to be in breeding 
condition prior to the start of experiments, evident by the darkening of nuptial pads 








Fig. 2 Nuptial pad morphology of adult male booroolong frogs. (i) forelimbs lacking 
digital nuptial pads, indicating pre- or post- reproductive condition, (ii) forelimbs with 




2.3.1 Experiment one: Effect of gentamicin on sperm storage using testis 
macerate samples 
 
 Experimental design  
To test the effect of various doses of the antibiotic gentamicin on bacterial abundance, a 
split-sample experimental design was used, whereby sperm suspensions from eight 
males were evenly divided among four experimental treatments (0, 1, 2, or 4 mg mL-1 
gentamicin). Gentamicin was selected because it is a broad-spectrum antibiotic that has 
previously been shown to be the most effect antibiotic at controlling bacteria present in 
anuran sperm suspensions (A.J. Silla, E. Love and P.G. Byrne, unpublished data). Male 
frogs (n = 8) were euthanized via pithing and both testes were extracted and macerated 
post-mortem to generate sperm suspensions. Of note, frogs were not euthanized 
specifically for the present study, and available testis tissue was used post-mortem. The 
testis from each individual was macerated in 210-μL of chilled 1:1 simplified 
amphibian ringer (SAR: 113mM NaCL, 1mM CaCL2, 2mM KCl, 3.6mM NaHCO3; 220 
mOsmol kg-1) in 1.5mL Eppendorf tubes. The 210-μL sperm suspension from each 
male was then homogenised and dived into four 50-μL subsamples. Each 50-μL 




concentrations of gentamicin (G1264: Sigma-Aldrich, Castle Hill, NSW, Australia), 
such that the final dose in each suspension was 0, 1, 2, or 4 mg mL-1, respectively. The 
osmolality of each suspension medium remained at 220 ± 2 mOsmol kg-1.  
For each suspension, sperm concentration was quantified using an Improved 
Neubauer Haemocytometer (Bright Line, Optik Labor, Germany) according to 
procedures described previously (Silla and Roberts 2012). Briefly, a homogenised 2-uL 
subsample of sperm suspension was diluted in 18-uL of 1:1 SAR (1:10 dilution), 
homogenised and pipetted into a haemocytometer chamber. The number of spermatozoa 
present in five quadrats was recorded and used to calculate total sperm concentration. 
This was repeated twice per suspension, and sperm counts averaged. All Eppendorf 
tubes were administered atmospheric air (20% oxygen) for 60 seconds every 4 days, 
corresponding with the day of bacterial assessments.  Atmospheric air was administered 
according to procedures described by Silla et al. (2015). It has previously been reported 
that sperm samples routinely supplied with atmospheric air using a commercially 
available aquarium pump exhibit greater sperm longevity (Silla et al. 2015). Sperm 
samples were refrigerated at 5°C for the duration of the experiment.  
 
 Assessment of bacterial abundance  
To determine the bacterial abundance in sperm samples at each treatment dose (0, 1, 2, 
or 4mg mL-1), a 10-μL aliquot was taken from each stored sperm sample and diluted 
with 40-μL SAR to give a dilution of 1:5. This dilution ratio was determined most 
appropriate to obtain an optimum bacterial growth for assessing bacterial abundance 
(25-300 CFU; Sutton 2011) when compared with serial dilutions of 1:1, 1:10, 1:50, 
1:100, 1:500, 1:1000 (n = 5). Each diluted subsample (1:5) was spread on nutrient agar 
petri plates (10g bacto trytone; 5g yeast extract, 10g NaCl, 12g agar, 1L distilled water: 
Sigma-Aldrich, Castle Hill, NSW, Australia). After incubation for 24-hours at 30°C, the 
colony-forming units (CFU mL-1) was determined for each sample using standard 
procedures (see Viveiros et al. 2010; Fig. 3). Counts were done in duplicate and 
sampling occurred day 0, 4, 8 and 12 of cold storage. This experiment was conducted 







Fig. 3 Photo of nutrient agar plate after sperm sample was spread across it and 
incubated for 24-hours at 30°C. Each number represents an example of a colony-
forming unit (CFU mL-1), which was calculated for each sample and these counts were 













 Assessment of sperm longevity  
Sperm suspensions from 10 frogs were generated following testis removal and 
maceration according to the same procedures described above in ‘2.2.1 experimental 
design’. Once removed, testis tissue was macerated in 150-μL of chilled SAR and 
sperm concentration quantified using a Haemocytometer chamber according to the 
procedures outlined above (see section 2.2.1 experimental design). Sperm 
concentrations in suspension ranged from 37.5 × 107 to 107.3 × 107 sperm mL-1 (mean 
65.8 x 106  ± 5.7 x 106 sperm mL-1). Each sample was homogenised and five 30-μL 
subsamples were removed. Each subsample was then diluted in an additional 30-μL of 
1:1 SAR containing varying concentrations of gentamicin, such that the final 
concentrations in each suspension was 0, 1, 2, 3, or 4mg mL-1, respectively. All sperm 
suspensions were administered atmospheric air (20% oxygen) using sterile 3mm ID, 
5mm OD aquarium tube connected to an aquarium pump (Aqua One, Ingleburn, NSW, 
Australia), and refrigerated at 5°C for 24 days.  
Sperm motility was quantified using a computer-assisted sperm analysis system 
(CASA: CEROS version 12; Hamilton Thorne, Beverley, MA). Two motility 
parameters were used to test the longevity of spermatozoa at each treatment dose (0, 1, 
2, 3 or 4 mg mL-1 gentamicin); the percentage of motile sperm (% motility) and 
curvilinear sperm velocity (VCL: the time-averaged velocity of sperm along its actual 
curvilinear path). Initial assessment (Day 0) of sperm motility (% motility and VCL) 
was obtained within two hours of sperm maceration and antibiotic administration. 
Sperm motility (% motility and VCL) was then assessed every four days for a total of 
24-days storage. To activate sperm motility prior to each sperm performance 
assessment, a 2-uL aliquot of sperm was taken from each suspension, homogenised and 
diluted with 18-uL of 1:8 activation medium (SAR; 50 mOsmol kg-1). Sperm motility 
(%) and sperm velocity (VCL: μm s-1) was recorded five minutes post-activation 
according to the procedures of Brown et al. (2002) and Silla et al. (2015), which 
included a two minute settling period, where the suspension was pipetted into a 
haemocytometer chamber (exact depth 0.1mm) and placed on the microscope stage to 
allow fluid to settle prior to analysis. All sperm suspensions were activated and 
performance parameters measured in a constant temperature room set to 22°C (range 
21.1-22.2°C). The CASA system used for the assessment of sperm motility was set to 




and slow moving spermatozoa (those with VAP < 5 μm s-1) were considered motile. 
Immotile spermatozoa (VAP 0 μm s-1) did not contribute to average sperm velocity. 
Two to five replicate recordings were taken and averaged. This experiment was 
conducted from the 24th March 2014 to the 17th April 2014.  
 
2.3.2 Experiment two: Effect of gentamicin on sperm storage using spermic urine 
 samples 
 
 Experimental design 
Frogs were administered a single subcutaneous hormone injection of 40IU human 
chorionic gonadotropin (hCG; diluted in 100-μL of SAR) and placed in holding 
containers, containing three layers of moistened sponge. Spermic urine was collected 
according to protocols developed previously (Silla 2011; Silla and Roberts 2012) 
whereby a fire-polished microcapillary tube (L x OD x ID =, 100mm x 0.79 mm x 
1.09mm) was gently inserted into the frog’s cloaca, stimulating it to urinate. Spermic 
urine was collected every 1-2 hours for up to 10 hours post hormone injection and 
samples were pooled for each individual to give a final volume of 155-μL. Samples 
were refrigerated at 5°C between collection times. Sperm concentration from each 
pooled urine sample (n = 9) was quantified using an undiluted 5-μL aliquot in a 
haemocytometer chamber according to the procedures outlined above (see section 2.3.1 
experimental design). The remainder of the spermic urine sample from each male (150-
μL) was then split into five, 30-μL subsamples. Each 30-μL subsample was then diluted 
in an additional 6-μL of 1:1 SAR containing varying concentrations of gentamicin, such 
that the final concentrations in each subsample were 0, 1, 2, 3, or 4mg mL-1, 
respectively. All sperm suspensions were administered atmospheric air (20% oxygen) 
using an aquarium tube connected to an aquarium pump and refrigerated at 5°C for six 
days.  
 
 Assessment of bacterial abundance  
To determine the bacterial abundance in stored sperm samples, a 5-μL aliquot was taken 
from each sample and diluted with 45-μL SAR to give a dilution of 1:10. This dilution 
ratio was determined most appropriate to obtain an optimum bacterial growth for 




dilutions of 1:1, 1:5, 1:50, 1:100, 1:500 and 1:1000 (n = 5). Each diluted subsample 
(1:10) was spread on nutrient agar plates and after incubation for 24-hours at 30°C, a 
colony-forming units mL-1 (CFU mL-1) was determined. Counts were done in duplicate 
and sampling occurred on day 0, 2, 4 and 6 of cold storage. This experiment was 
conducted from the 16th October to 2nd November 2014.  
 
 Assessment of sperm longevity   
Spermic urine samples were collected from 10 frogs following the same procedure 
described above in ‘section 2.3.2 experimental design’. Spermic urine samples were 
pooled for each individual to give a final volume of 160-μL. Sperm concentration was 
then quantified using an undiluted 5-μL aliquot in a haemocytometer chamber 
according to the procedures outlined above (see section 2.3.1 experimental design). 
Sperm concentrations in suspension ranged from 4.5 × 106 to 12.9 × 106 sperm mL-1 
(mean 8.8 x 106  ± 0.8 x 106 sperm mL-1). Each sample was homogenised and evenly 
divided into five 31-μL subsamples. Each 31-μL subsample was then diluted in an 
additional 6.2-μL of 1:1 SAR containing varying concentrations of gentamicin, such 
that the final concentrations in each subsample was 0, 1, 2, 3, or 4mg mL-1, respectively. 
Sperm samples were administered atmospheric air (20% oxygen) and refrigerated at 
5°C for six days. To test the longevity of the spermatozoa at each treatment (0, 1, 2, 3 or 
4 mg mL-1 gentamicin), the percentage of motile sperm and sperm velocity (VCL: 
curvilinear velocity) was quantified using the CASA system and setting parameters 
detailed above (see section 2.3.1 assessment of sperm longevity). The initial assessment 
(Day 0) of sperm motility was obtained within two hours of the final spermic urine 
collection and antibiotic administration. Sperm motility was assessed every day for a 
total of six days storage. This experiment was conducted from the 14th November 2014 
to the 2nd December 2014.  
 
 Statistical analyses 
To evaluate the effect of gentamicin on bacterial abundance (CFU mL-1), sperm motility 
(percentage) and sperm velocity (VCL: μm s-1) over the storage period, separate 
repeated measures MANOVAs were performed. Within each model, treatment (0, 1, 2, 
3 and 4 mg mL-1) and sampling day were fixed factors, and the response variable was 




sphericity from within subject effects were tested using the Mauchly criterion. The F-
statistic was Pillai’s trace, which is considered to be the most reliable of the multivariate 
measures and offers the greatest protection against type-one errors with small sample 
sizes and is robust against the violation of assumptions (Schantz et al. 1999). The effect 
of treatment within each independent sampling day was examined using separate two-
way ANOVAs. In each model, the dependant variable was either CFU mL-1, percent 
sperm motility or VCL and the independent variable was treatment. Comparisons 
among treatment means were conducted using Tukey-Kramer Honestly Significant 
Difference (HSD) post hoc tests. Prior to analysis, percentage motile data were arcsine 
transformed using the transformation sin-1 (√x) and CFU mL-1 data was transformed 
using transformation log 10, due to violations of normality. To verify homogeneity of 
variances, Levene’s tests were performed. If variances were unequal, Kruskal-Wallis 
tests (KW) were conducted and post hoc treatment comparisons were made using 
Wilcoxon matched-pair tests. Prior to analysis, regression analyses were conducted 
between sperm concentration and either CFU mL-1, sperm motility or sperm velocity. 
Similarly, regression analyses were conducted between male body size and either CFU 
mL-1, sperm motility or sperm velocity. Because there were no significant correlations 
found, sperm concentration and male body size were not included as covariates in any 
of the statistical models. All statistical analyses were performed using JMP® 11.0 
software package (SAS Institute Inc. North Carolina, USE). For all tests in this study, 




2.4.1 Experiment one: Effect of gentamicin on sperm storage using testis 
macerates samples 
 
 Effect of gentamicin on bacterial abundance during storage 
There was no significant effect of time on bacterial abundance (CFU mL-1) (MANOVA: 
F3,26 = 0.308, P = 0.0684), nor was there a significant treatment by time interaction 
(MANOVA: F9,84 = 0.332, P = 0.3299). There was a significant effect of gentamicin 
treatment on bacterial abundance recorded over time (MANOVA: F3,28 = 0.363, P = 




differences at day 0 (KW: x23 = 17.06; P = 0.0007), day 4 (KW: x23 = 19.15; P = 
0.0003), day 8 (KW: x23 = 17.10; P = 0.0007) and day 12 (KW: x23 = 15.33; P = 
0.0016). On each of these days (day 0, 4, 8 & 12), bacterial abundance was significantly 
lower in samples treated with 2 or 4 mg mL-1 of gentamicin compared to untreated 







Fig. 4 Effect of gentamicin dose (0, 1, 2 & 4 mg mL-1) on bacterial abundance over 12-
days of cold storage, in sperm suspensions obtained from testicular maceration (n=8). 
Data shown are untransformed mean colony forming units (CFU mL-1) ± SEM. * 
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 Effect of gentamicin on sperm performance during storage  
Percent sperm motility significantly declined over the 24-day storage period 
(MANOVA: F6,40 = 3.39, P<0.0001) in all experimental treatments (Fig. 5a). Treatment 
had a significant effect on percentage sperm motility (MANOVA: F4,40 = 3.55, 
P<0.0001; Fig. 5a) and the effect of treatment was consistent over time (MANOVA: 
F24,172 = 0.42, P = 0.6807). Treatment comparisons at individual sampling days showed 
significant differences at storage day 0 (ANOVA: F4,45 = 7.48; P = 0.0001), day 4 
(ANOVA: F4,45 = 4.84; P = 0.0025), day 8 (ANOVA: F4,45 = 4.14; P = 0.0061), day 12 
(ANOVA: F4,45 = 3.54; P = 0.0135), day 16 (ANOVA: F4,45 = 5.13; P = 0.0017), day 20 
(KW: x24 = 15.42; P = 0.0039) and day 24 (KW: x24 = 14.91; P = 0.0049). Sperm 
motilities from untreated samples were significantly higher than those from samples 
treated with the highest dose of gentamicin (4 mg mL-1). These samples consistently 
exhibited the lowest percentage motility (range 24.9%-55.5%; Fig. 5a) compared to all 
other experimental treatments throughout the storage period. The low and intermediate 
gentamicin doses (1 & 2 mg mL-1) were statistically similar (Fig. 5a).  
Sperm velocity (VCL) declined over the 24-day storage period (MANOVA: 
F6,36 = 4.82, P<0.0001) in all experimental treatments (Fig. 5b), with initial mean speeds 
above 40 µm s-1, dropping to below 34 µm s-1 by day 24. Overall, sperm velocity was 
not significantly different among experimental treatments (MANOVA: F4,41 = 0.04, P = 
0.8103) and this was consistent at each individual sampling time (days 0, 4, 8, 12, 16, 
20 & 24; ANOVAs: P >0.05; Fig. 5b). There was a significant interaction between time 
and treatment (MANOVA: F24,156 = 0.80, P = 0.0404), however, the change in treatment 


















Fig. 5 Effect of gentamicin dose (0, 1, 2, 3 & 4 mg mL-1) on (a) percentage sperm 
motility and (b) sperm velocity (VCL) over 24-days of cold storage, in sperm 
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suspensions obtained from testicular maceration (n=10). Data shown are untransformed 
mean ± standard error mean (SEM; n=10). * denotes storage days where treatments are 
significantly different (P<0.05). Statistical analyses were conducted on sin-1 (√x) 
transformed percent motility data, and untransformed velocity data. 
 
2.4.2 Experiment two: Effect of gentamicin on sperm storage using spermic urine 
 samples 
 
 Effect of gentamicin on bacterial abundance during storage 
The number of viable bacterial colonies (CFU mL-1) changed significantly over time 
(MANOVA: F3,38= 5.95, P = 0.0020). There was a significant effect of treatment on 
bacterial abundance during the sampling period (MANOVA: F4,40= 2.50, P<0.0001), 
and the effect of treatment was consistent over time (MANOVA: F12,120= 0.34, P = 
0.2344). Untreated samples (0 mg mL-1) consistently exhibited the highest bacterial 
abundance compared to all other experimental treatments (1, 2, 3 & 4 mg mL-1 
gentamicin; Fig. 6), and this was statistically significant on day 2 (ANOVA: F4,40 = 
4.76; P = 0.0031) day 4 (ANOVA: F4,40 = 4.12; P = 0.0069) and day 6  (KW: x24 = 









Fig. 6 Effect of gentamicin dose (0, 1, 2, 3 & 4 mg mL-1) on bacterial abundance over 
6-days of cold storage, in spermic urine samples (n=9). Data shown are untransformed 
mean colony forming units (CFU mL-1) ±SEM. * denotes storage days where treatments 
are significantly different (p>0.05). 
 
 
 Effect of gentamicin on sperm performance during storage  
Percent sperm motility significantly declined over the 6-day storage period (MANOVA: 
F6,40 = 14.75, P<0.0001) in all experimental treatments (Fig. 7a). Mean sperm motilities 
were initially above 58 % then dropped to below 12 % by day 6 of cold storage (Fig. 
7a). Overall, there was no effect of antibiotic treatment on sperm motility (MANOVA: 
F4,45 =  0.07, P = 0.5125; Fig 7a) and this was evident at each of the sampling periods 
(day 0, 1, 2, 3, 4, 5 & 6; ANOVAs: P > 0.05; Fig. 7a).  Similarly, there was no 
significant treatment by time interaction (MANOVA: F24,172 = 0.39, P = 0.7765). 
Although statistically similar, untreated samples and those treated with a low dose of 
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gentamicin (1 mg mL-1) consistently exhibited the lowest percentage sperm motilities, 
while samples treated with intermediate (2 & 3 mg mL-1) doses of gentamicin 
consistently showed the highest sperm motilities (Fig. 7a).  
Sperm velocity (VCL) declined significantly over the 6-day storage period 
(MANOVA: F6,13 = 1.91, P = 0.0153) in all experimental treatments (Fig. 7b). Overall, 
sperm velocity did not differ significantly among treatment groups (MANOVA: F4,18 = 
0.13, P = 0.6768) and this was evident  at each  of the sampling periods (day 0, 1, 2, 3, 
4, 5 & 6; ANOVAs: P > 0.05; Fig. 7b). There was also no significant time by treatment 
interaction (MANOVA: F24,64 = 1.23, P = 0.2839). At each individual sampling time (0, 
1, 2, 3, 4, 5 and 6 days), sperm velocities on storage days 0 through 4 were consistently 
higher in samples treated with intermediate doses of gentamicin (2 and 3 mg mL-1), 
compared to untreated samples, or those treated with either a low (1 mg mL-1) or high (4 



























Fig. 7 Effect of gentamicin dose (0, 1, 2, 3 & 4 mg mL-1) on (a) percentage sperm 
motility and (b) sperm velocity (VCL) over 6-days of cold storage, of spermic urine 
samples (n=10). Data shown are untransformed mean ± standard error mean (SEM). * 
denotes storage days where treatments are significantly different (p>0.05). Statistical 
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analyses were conducted on sin-1 (√x) transformed percent motility data, and 
untransformed velocity data. 
 
 
2.5 DISCUSSION   
 
Despite the need to store sperm for short periods prior to artificial fertilisation or bio 
banking, there remains a paucity of research aimed at refining refrigerated storage 
protocols to prolong the longevity of anuran sperm. Anuran sperm motility generally 
falls below 50% in the first 6 days of storage when using samples obtained via testis 
maceration (Browne et al. 2001; Silla 2013; Silla et al. 2015), and a mere 1-2 days 
when storing spermic urine samples (Kouba and Vance 2009; Germano et al. 2013). 
Current knowledge gained from the livestock and aquaculture industries suggests that 
bacterial contamination may be one of the primary causes of the rapid decline in sperm 
longevity during short-term sperm-storage (Viveiros et al. 2010). Although the presence 
of bacteria has been suggested to similarly play a role in the decline of stored sperm 
longevity in anurans, no previous study has quantified the abundance of bacteria present 
in stored sperm samples from any species. The present study is the first to measure 
bacterial abundance in sperm samples over a short-term storage period and test the 
efficacy of the antibiotic gentamicin at controlling the bacterial populations present. 
Sperm samples generated via testis extraction and maceration exhibited relatively low 
initial bacterial abundance, ranging from 0 to 45 x 102 CFU mL-1 (mean = 6.9 x 102 ±5.5 
x 102) on day 0 of storage and increasing to 0 to 198 x 102 CFU mL-1 (mean = 36.7 x 
102 ±24.8 x102) by day 12 if left untreated. Bacteria were eliminated from testis 
macerate suspensions when initially treated with all three doses of gentamicin (1, 2 & 4 
mg mL-1). By day 4 of refrigerated storage, samples treated with the lowest dose of 
gentamicin (1 mg mL-1) had increased in bacterial abundance and were statistically 
similar to untreated samples, while those treated with either 2 or 4 mg mL-1 gentamicin 
remained free of bacteria.  The bacterial abundance present in spermic urine samples, in 
comparison to those generated via testis maceration, was much higher (initial mean 
CFU = 72.0 x 103 ± 14.3 x103), representing a 100-fold increase in bacterial load. 
Spermic urine samples are expected to have a higher bacterial abundance compared to 




colonised by urinary and faecal bacteria (Silla et al. 2015). Spermic urine samples 
collected in the present study, exhibited similar CFU counts to fish semen samples, 
which are similarly collected via expulsion from the cloaca (e.g. Viveiros et al. 2010). 
Results from our study show that spermic urine samples treated with all antibiotic doses 
exhibited significantly reduced bacterial abundance compared to untreated sperm 
suspensions, although, the presence of bacteria was not eliminated completely. Higher 
gentamicin doses, or a combination of different types of antibiotics may be required to 
completely eliminate bacteria in spermic urine samples of L. booroolongensis due to the 
higher initial bacterial loads present compared to samples generated via testis 
maceration. 
 Previous research on several fish species, including the common carp (Saad et 
al. 1988), channel catfish (Christensen and Tiersch 1996), nile tilapia (Segovia et al. 
2000) and rainbow trout (Niksirat et al. 2011), has shown that antibiotic 
supplementation improves sperm viability during refrigerated storage. These studies 
suggested that by eliminating bacteria within the sample, spermatozoa were protected 
from the hazardous effects of bacterial contamination. Bacteria may impair sperm 
viability directly, by releasing enzymes that invade sperm cells and cause morphological 
changes to the sperm head and flagellum, or indirectly, by competing for resources, 
such as oxygen within the storage medium (Stoss and Refstie 1983). Contrary to 
expectations, none of the testis macerate or spermic urine samples treated with 
gentamicin showed improved sperm longevity during storage in the present study, 
despite the reduction in bacterial abundance observed. A number of possible 
explanations exist as to why antibiotic supplementation did not improve sperm viability 
during short-term storage. First, additional competition for oxygen resources imposed 
by the bacteria present may not have been great enough to result in oxygen depletion 
within the sperm samples. All sperm samples in the present study were routinely 
administered atmospheric air throughout the storage period. As a consequence, oxygen 
levels were regularly restored and may have remained at a level high enough to support 
sperm viability irrespective of the oxygen consumed by the bacteria present. An 
alternative explanation is that the bacteria abundances observed may not have been high 
enough to exert a detrimental effect on the sperm, thereby resulting in no net benefit to 
sperm viability by controlling the bacteria within the sample. A study on ram semen 




deleterious effects were only observed in semen samples when the bacterial number in 
the sample was estimated to be equal to or larger than the number of sperm cells (Yaniz 
et al. 2010). The mean number of sperm cells observed in the present study in samples 
generated via testis maceration and spermic urine were 65.8 x 106 ± 5.7 x 106 sperm mL-
1 and 8.8 x 106  ± 0.8 x 106 sperm mL-1, respectively. The number of sperm cells was 
therefore consistently an order of magnitude higher compared to the number of bacteria 
present, which averaged 6.9 x 102 ±5.5 x102 in sperm samples generated via testis 
maceration, and 72.0 x 103 ± 14.3 x103 in spermic urine samples. It has been suggested 
that this concentration-dependent response can be attributed to bacterial adherence to 
the sperm, whereby sperm motility would fluctuate according to the ratio of sperm to 
bacteria (Auroux et al. 1991; Yaniz et al. 2010).   
 While antibiotic supplementation did not improve sperm viability during short-
term storage, the observation that gentamicin eliminated or greatly reduced bacterial 
abundance without compromising sperm performance is an important finding. The 
presence of microorganisms in gamete samples represents a potential risk for the 
transfer of disease (Segovia et al. 2000), even when samples are to undergo bio banking 
rather than used fresh, as bacterial flora are able to survive the freeze-thaw process of 
cryopreservation (Murray et al. 2016). The addition of antibiotics to sperm samples is 
common practise in the livestock and fish production industries to control the 
transmission of infectious agents between facilities, and protocols have been 
implemented for the control of microorganisms that are not detrimental to seminal 
quality or fertility (Segovia et al. 2000). The transportation of sperm samples between 
captive institutions for bio banking and AF is becoming increasingly encouraged as a 
tool to aid in the ex situ conservation of endangered amphibians (Kouba and Vance 
2009). However an established biosecurity protocol for the transport of anuran sperm 
samples between facilities has not previously been reported. To date, this is the first 
study to identify an effective antibiotic dose for treating the bacteria found in anuran 
sperm samples, without compromising sperm viability. As new anuran pathogens are 
identified and additional modes of pathogen transmission are acknowledged, routine 
antibiotic supplementation for reducing the bacterial load in anuran sperm samples, as 
described in the present study, may offer a biosecurity safeguard for captive facilities.  
 In conclusion, this study reports the first evaluation of bacterial abundance in 




the first to test the effects of different antibiotic doses on sperm performance during 
short-term storage. Gentamicin supplementation did not improve sperm viability as 
expected, despite effectively reducing bacterial abundance. Sperm viability may not 
have been improved in samples treated with antibiotics because bacterial abundance 
remained below the threshold required (≥1:1 ratio of sperm:bacteria) to exert a 
detrimental effect on spermatozoa, or because oxygen supplies were regularly restored, 
avoiding bacteria-induced oxygen depletion. Importantly, however, bacterial abundance 
at intermediate antibiotic doses was effectively inhibited, without compromising sperm 
performance.  Using antibiotics to control infectious agents that are transmissible within 
sperm samples is common practise in the livestock and aquaculture industries. Our 
study has identified a non-spermicidal dose of gentamicin that will effectively inhibit 
and reduce the bacterial load in the sperm samples of an anuran for the first time. The 
antibiotic treatment of anuran sperm samples represents an important tool for preventing 
the transfer of disease agents between captive institutions where sperm are transported 
between institutions for the purpose of bio banking and AF.  
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3 THE EFFECT OF ANTIOXIDANTS ON SPERM 






Motile sperm can generate high levels of reactive oxygen species (ROS) post activation, 
and ROS can quickly accumulate to levels that impair motility and fertilising ability. 
The addition of antioxidants to sperm suspensions has been suggested as a means of 
reducing oxidative stress and enhancing sperm motility during and after sperm storage. 
Despite this, very few studies have attempted to experimentally test the effects of 
antioxidants on sperm motility and performance in animals that use an external mode of 
fertilisation, with no research in amphibians. The present study aimed to investigate the 
effect of vitamin C and vitamin E on sperm motility duration in the booroolong frog. 
Spermatozoa were activated in media containing either vitamin C (0, 0.05, 0.10, 0.15, 
0.20, 0.25 μg μL-1) or vitamin E (0, 0.25, 0.50, 0.75, 1.0, 1.25 1.50, 1.75 μg μL-1). 
Sperm performance parameters (percent motility and velocity) were assessed using 
CASA at 0, 1, 2, 3, 4, 5 & 6 hours post-activation. Vitamin C supplementation was 
detrimental to sperm motility across all tested concentrations, while vitamin E had no 
effect. Further investigation on the endogenous antioxidant system of anuran sperm is 
required to ascertain whether alternative antioxidants may be more suitable at reducing 





Artificial fertilisation (AF) techniques are important tools for both agricultural animal 
production and endangered species recovery. Optimal activation of sperm motility is 
fundamental to maximising AF success and is consequently an important area of 
research. In external fertilisers, the activation of sperm motility is initiated in response 




which triggers flagella movement (O'Brien et al. 2011). In external fertilisers, both the 
percentage of motile sperm and the duration of motility have been linked to fertilisation 
success (Browne et al. 2015). The duration that sperm remain motile, upon initiation of 
flagella movement is generally short, averaging a mere 2.5 minutes in freshwater fish, 
9.2 minutes in marine fish, and 68.3 minutes in anurans (Browne et al. 2015). It has 
been suggested that the decline in sperm motility that occurs post-activation may be a 
consequence of the accumulation of reactive oxygen species (ROS), which compromise 
sperm performance by impairing flagella function (Lahnsteiner and Mansour 2010).  
 Although ROS are a natural bi-product of metabolism, and in small amounts are 
required for normal vertebrate sperm function, increased production of ROS can 
overwhelm sperm cells natural defences and cause oxidative stress. Oxidative stress is 
caused by oxygen-derived free radicals which increases cellular damage and ultimately 
can impact sperm quality and fertilising capacity (Almbro et al. 2011; Agarwal et al. 
2014).  Oxygen free radicals have been reported to directly attack cell metabolites, 
which results in the reduction of intracellular ATP levels, responsible for sperm cell 
movement and function (Verma and Kanwar 1998). This Lipid peroxidation can also 
cause damage to sperm membrane integrity, impairing motility and leading to cell death 
(Verma and Kanwar 1998). Mature sperm cells are vulnerable to oxidative stress 
because they are motile, metabolically active cells and lack intra-spermatic enzymes to 
help mitigate the overproduction of ROS (Lahnsteiner and Mansour 2010; Almbro et al. 
2011).  
 Research has begun investigating the use of exogenous antioxidant 
supplementation to sperm storage media, as a way of combating the ROS produced 
during sperm storage and motility activation (De Lamirande and O’Flaherty 2008; 
Lanzafame et al. 2009; Lahnsteiner and Mansour 2010). Antioxidants are enzymes that 
act as powerful reducing agents, which effectively quench excess ROS before they can 
cause cellular damage (Vrolijk et al. 2015). Research on antioxidant supplementation in 
vitro, has focused on the use of Vitamins C (ascorbic acid) and E (α-tocopherol), with a 
number of studies reporting a significant increase in sperm viability (Aurich et al. 1997; 
Cerolini et al. 2000; Peña et al. 2003; Mirzoyan et al. 2006). For example, vitamin C 
has been shown to increase the percentage of membrane intact spermatozoa in stallion 
(Aurich et al. 1997) and increased sperm motility and fertilising ability in sturgeon 




reported to decrease in response to vitamin C supplementation (Lahnsteiner et al. 2010). 
The results of studies employing vitamin E in an attempt to enhance sperm motility are 
similarly equivocal. Vitamin E has been shown to effectively increase boar sperm 
motility and viability following both chilled and cryopreserved storage (Cerolini et al. 
2000; Peña et al. 2003; Jeong et al. 2009). In contrast, equine sperm treated with a 
vitamin E analogue showed no improvement on sperm motility during storage (Ball et 
al. 2001), suggesting that results may be species-specific.  
 In addition to studies investigating the effects of antioxidants on sperm storage, 
recent research has also investigated the effects of supplementing sperm activation 
media with antioxidants to improve post-storage sperm motility.  In humans, it has been 
suggested that an effective way to protect activated spermatozoa against DNA damage 
and decrease cell death is to supplement the IVF culture media with antioxidants 
(Fernández-Santos et al. 2009; Agarwal et al. 2004). To our knowledge, only four 
studies exist on non-human model species that supplement sperm samples with 
antioxidant compounds such as trolox (vitamin E compound), crocin, catalase and 
glutathione during the post-thaw process. Each of these studies, on either ruminant or 
boar spermatozoa, reported lowered ROS and lipid peroxidation levels, and 
considerably enhanced sperm motility (percent motility) in samples treated with 
antioxidants. It has been suggested that there may be an increased protective capacity of 
antioxidants when added to the samples post-storage, during the activation period of 
sperm, rather than supplementing the sperm storage medium (Berlinguer et al. 2003; 
Gadea et al. 2005; Fernández-Santos et al. 2009; Domínguez-Rebolledo et al. 2010). 
While the results of antioxidant supplementation studies on sperm storage have 
generated mixed results, the results of the few studies supplementing sperm activation 
media with antioxidants are far more consistent and may offer a promising technique for 
extending activation duration in external fertilisers. 
 In anuran amphibians (frogs and toads), the effect of vitamins C and E on sperm 
motility activation is yet to be tested. However, a recent study on the booroolong frog 
found improved sperm motility and velocity after 8-hours post-activation, when sperm 
motility was activated in media enriched with caffeine and theophylline. The authors 
suggest that the stimulatory effect of these PDE-inhibitors may have been the result of 
their antioxidant properties (Silla et al. 2017). This study draws attention to the need to 




improve the duration of sperm motility activation. In the context of anuran artificial 
reproduction, extending the duration of sperm motility activation is potentially valuable. 
Successful AF requires high concentrations of motile sperm to be available at the same 
time that fresh oocytes are collected (Silla 2013). However, asynchrony of gamete-
release is common in anurans and is usually attributed to sex-specific variation in 
hormone response times, with females typically taking a longer and a more variable 
time to respond to hormone administration than males (Silla 2011). Hormonal induction 
techniques result in the expulsion of sperm suspended in urine (known as spermic 
urine), and sperm are often activated in this fluid medium prior to collection. In order to 
improve anuran AF success it is necessary to either store sperm prior to AF trials using 
chilled storage (Silla et al. 2015; Keogh et al. 2017b), or prolong activation duration at 
room temperature (Silla et al. 2017). 
 The aim of this study was to investigate the effect of antioxidants on sperm 
motility activation in the booroolong frog, L. booroolongensis. The specific aims were 
to investigate; 1) the effect of various concentrations of vitamin C (ascorbic acid) on 
percent sperm motility and sperm velocity post-activation, and 2) the effect of various 
concentrations of vitamin E (α-tocopherol) on the percent sperm motility and sperm 





The procedures outlined above were performed following evaluation and approval by 
the University of Wollongong’s Animal Ethics Committee (approval number AE14/16). 
Note that frogs were not euthanised specifically for the present study, but that available 
testis tissue was used post-mortem.  
 
 Animals 
L. booroolongensis males used during this study were bred and reared in captivity at 
Taronga Zoo (Sydney, NSW, Australia). Individuals were transported to the Ecological 
Research Centre at the University of Wollongong (Wollongong, NSW, Australia) where 
they were housed for approximately four months prior to the commencement of 




plastic terrariums (27 × 17 × 16.5 cm, L × W × H), which contained a layer of sterilised 
gravel and a PVC half-pipe providing refuge. Animals had constant access to 1L of 
reverse osmosis water and were fed 10-day old crickets once a week ad libitum. Males 
were held in a constant temperature room maintained at 22°C with a 13 h/11 h 
light/dark regime, including a half hour dim lighting phase at dawn and dusk. At the 
time experiments commenced, frogs were believed to be in breeding condition, evident 
by the darkening of nuptial pads (Chapter 2; Fig. 2) and commencement of calling 
behaviour. Individuals were approximately one year of age post-metamorphosis. 
Individual weight ranged from 3.84g to 4.98g (mean mass ±SEM 4.53 ±0.07 g) and 
snout-vent length ranged from 3.50cm to 4.22cm (mean length ±SEM 3.84 ±0.04 cm). 
Experiments were conducted from 24th February 2015 to the 4th March 2015. 
 
 Preparation of sperm suspensions 
Male frogs (n=20) were euthanised via pithing and testis tissue extracted and macerated 
in 100-µL of 1:1 simplified amphibian ringer (SAR: 113mM NaCL, 1mM CaCL2, 
2mM KCl, 3.6mM NaHCO3; 220 mOsmol kg-1; Silla 2011). For each sperm 
suspension, sperm concentration was quantified by diluting a 2-μL aliquot of sperm in 
18-μL of SAR (1:10 dilution), and homogenising and pipetting the sample into an 
Improved Neubauer Haemocytometer chamber (Bright Line, Optik Labor). The number 
of spermatozoa present in the five quadrats was recorded and used to calculate total 
sperm concentration. This was repeated twice per sperm suspension, and counts 
averaged. If replicates differed by >5%, a third count was recorded and averaged. 
Sperm concentration in each suspension (n=20) ranged from 5.3 × 107 to 21.8 × 107 
sperm mL-1 (mean ±SEM 8.5 × 107 ±0.8 × 107 sperm mL-1).  Once sperm suspensions 
were prepared, samples were immediately refrigerated for 20-21 hours at 5 °C in order 
to investigate the effect of antioxidants on sperm re-activation post storage.  
 
3.3.1 Experiment 1: Vitamin C (ascorbic acid)  
 
To determine the effect of vitamin C on sperm activation post-storage, sperm 
suspensions (n=10) were evenly divided (split-sample experimental design) among six 
sperm activation media experimental treatments; 0, 0.05, 0.10, 0.15, 0.20, 0.25 μg μL-1 




higher concentrations (0.25, 0.50, 0.75, 1.0, 1.25, 1.50, 1.75 μg μL-1) detrimental to 
sperm survival over a 3-hour activation period (n=5). Activation media was generated 
by dissolving H2O soluble L-ascorbic acid crystals (A5960; Sigma-Aldrich, Castle Hill, 
NSW) in 50 mosmol kg-1 SAR at varying concentrations such that the final 
concentration in each activation treatment was 0, 0.05, 0.10, 0.15, 0.20 or 0.25 μg μL-1 
respectively. The osmolality of each activation media remained at 50 ± 5 mosmol kg-1.  
To activate sperm motility, each sperm suspension (n=10) was homogenised and 
six discrete 2-μL aliquots were diluted in 18-μL of each of the six chilled activation 
treatments. The order in which each activation treatment was applied was randomised 
for each sperm suspension using a random number generator. Activated subsamples 
were pipetted into individual chambers of a disposable semen analysis slide (exact 
depth 0.02mm; 4-cell chambered, Leja, Nieuw- Vennep, The Netherlands). Sperm 
performance parameters (percentage motile sperm and sperm velocity; VCL) were 
recorded after initial activation (0-hours) and every hour thereafter for 6-hours post 
activation. Each sampling period included a 2-minute settling period when placed on the 
microscope stage to allow the fluid to settle prior to analysis. Activated sperm samples 
were held in a constant temperature room set to 22°C (range 20.1 –22.9°C) for the 
duration of the experiment. The CASA system used for the assessment of sperm 
motility and velocity post-activation was set to detect a cell size of 10 pixels, and a 
static cell intensity of 80. VAP cut-off was 5-μm s-1 and slow moving spermatozoa 
(those with VAP < 5 μm s-1) were considered motile. Immotile spermatozoa (VAP 0 μm 
s-1) did not contribute to average sperm velocity (Silla 2013). Two to five replicate 
recordings were taken and averaged to reduce intra-sample variability.  
 
3.3.2 Experiment 2: Vitamin E (α-tocopherol) 
 
To determine the effect of vitamin E on sperm activation post-storage, sperm 
suspensions (n=10) were evenly divided (split-sample experimental design) among 
eight sperm activation media; 0, 0.25, 0.50, 0.75, 1.0, 1.25 1.50, 1.75 μg μL-1 vitamin E. 
Activation media was supplemented with DL-α-tocopherol acetate (T3376; Sigma-
Aldrich, Castle Hill, NSW), which is a synthetic vitamin E analogue that has some 
water solubility (0.5 mg mL-1) compared to other forms of water insoluble vitamin E. 




concentrations such that the final concentration in each activation treatment was 0, 0.25, 
0.50, 0.75, 1.0, 1.25, 1.50 or 1.75 μg μL-1 respectively. The osmolality of each 
activation media remained at 50 ± 5 mOsmol kg-1. Sperm motility was activated and 
quantified according to procedures described above (see section 3.3.1 experiment 1); 
using eight discrete activation media. Activated sperm samples were held in a constant 
temperature room set to 22°C (range 20.1 – 22.9°C) for the duration of the experiment. 
 
 Statistical analyses  
To evaluate the effect of vitamin C and vitamin E on sperm activation over time, 
separate repeated measures MANOVAs were conducted. Within each model, treatment 
and sampling time (0, 1, 2, 3, 4, 5 and 6 hours) were fixed factors, and the response 
variable was either percent motility or sperm velocity (VCL). Prior to analysis, 
assumptions of sphericity from within subject effects were tested using the Mauchly 
criterion and Pillai’s trace F-statistic. The effect of treatment within each independent 
activation period was determined using separate one-way ANOVAs. In each model, the 
dependant variable was either percent motility or VCL, and the independent variable 
was treatment. Comparisons among treatment means were conducted using Tukey-
Kramer Honestly Significant Difference (HSD) post hoc tests. Prior to analysis, 
percentage motile data was transformed using the transformation sin-1 (√x). To verify 
data normality and homogeneity of variances, Shapiro-wilk normality tests and 
Levene’s tests were performed respectively. If variances were unequal, Welch’s 
ANOVAs were conducted and post hoc treatment comparisons made using Wilcoxon 
matched-pair tests (experiment one; 0, 1, 2, 3, 4 and 5-hour post-activation for percent 
motility and 4-hour post-activation for sperm velocity). Prior to analysis for both 
experiments, regression analyses were conduction between sperm concentration and 
either sperm motility or VCL. Similarly, regression analyses were conducted between 
male body size and either sperm motility or VCL. There was no significant correlations 
found, so neither sperm concentration or male body size were included as covariates in 
any of the statistical models. All statistical analyses were performed using JMP 11.0 
software package (SAS Institute Inc. North Carolina, USE). For all tests in this study, 








3.4.1 Experiment 1: Vitamin C (ascorbic acid) 
 
Overall, the percentage of motile sperm declined with increasing time post-activation in 
all experimental treatments (MANOVA: F6,49 = 5.90, P<0.0001), with initial motilities 
above 70% dropping to below 20% by 6 hours post activation (Table 1). The 
concentration of vitamin C applied had a significant effect on percentage sperm motility 
(MANOVA: F4,54 = 1.08, P<0.0001; Table 1), and the effect of treatment was consistent 
over time (MANOVA: F30,265 = 0.71, P = 0.0650). Unsupplemented sperm samples and 
those supplemented with the lowest concentration (0.05 μg μL-1) of vitamin C 
consistently exhibited the highest percent sperm motility at each time period post-
activation. In contrast, sperm samples supplemented with the highest vitamin C 
concentration (0.25 μg μL-1) consistently exhibited the lowest sperm motility, and this 
was statistically significant when compared to all other treatments at time periods 0, 1 
and 2 hours post-activation (Tuckey Kramer HSD tests, P <0.05; Table 1). Sperm 
samples supplemented with intermediate vitamin C concentrations (0.10, 0.15 & 0.20 
μg μL-1) were statistically similar at each time period (Tuckey Kramer HSD tests, P 
>0.05; Table 1). 
 Sperm velocity (VCL) declined with increasing time post-activation 
(MANOVA: F6,14 = 6.65, P<0.0001; Table 2). Sperm samples in all experimental 
treatments exhibited statistically similar sperm velocity at 0, 4, 5 & 6 hours post 
activation (one-way ANOVAs, P >0.05; Table 2). However, a treatment effect was 
observed at 1, 2, 3 and 4 hours post-activation, whereby unsupplemented samples, and 
those supplemented with the lowest vitamin C concentration (0.05 μg μL-1) exhibited 
significantly higher sperm velocities than sperm suspensions supplemented with the 
highest vitamin C concentration (0.25 μg μL-1; Tuckey Kramer HSD tests, P <0.05; 
Table 2). Intermediate doses (0.10, 0.15 & 0.20 μg μL-1) exhibited statistically similar 
sperm velocity (Tuckey Kramer HSD tests, P >0.05; Table 2).
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Table 1. Effect of vitamin C on sperm motility (percent) over a 6-hour period post- 
  activation  
Data shown are untransformed mean ± standard error mean (SEM; n=10). Letters displayed are 
the result of Tukey-Kramer HSD or Wilcoxon matched-pair post-hoc tests on sin-1 (√x) 
transformed data. Treatments that share a letter are not significantly different (p>0.05). Fd.f and p 
values displayed are the result of one-way ANOVAs or Welch’s ANOVA tests (0, 1, 2, 3, 4 and 5 
hour) on transformed data.  
 Percentage sperm motility   
Time (hrs) 
 





















































































































































Table 2. Effect of vitamin C on sperm velocity (VCL) over a 6-hour period post-  
  activation  
 
Data shown are untransformed mean ± standard error mean (SEM; n=10). Letters displayed are 
the result of post hoc Tukey-Kramer HSD or Wilcoxon matched-pair post-hoc tests on 
untransformed data. Treatments that share a letter are not significantly different (p>0.05). Fd.f. and 
p values displayed are the result of one-way ANOVAs or Welch’s ANOVA tests (4 hour) on 
untransformed data. 
 Curvilinear velocity (μm s
-1) 
   
Time (hrs) 
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3.4.2 Experiment 2: Vitamin E (α-tocopherol) 
 
Percent sperm motility significantly declined with increasing time post-activation 
(MANOVA: F8,65 = 45.00, P<0.0001), with initial motilities above 80% dropping to 
below 34% by 6 hours post-activation. The concentration of vitamin E applied (0, 0.25, 
0.50, 0.75, 1.0, 1.25, 1.50 or 1.75 μg μL-1) had no significant effect on sperm motility at 
any time period post-activation (MANOVA: F7,72 = 0.03, P =0.9251), nor was there a 
significant treatment by time interaction (MANOVA: F56,497 = 0.72, P =0.4435; Table 
3).  
 Time post-activation had a significant effect on average sperm velocity (VCL) 
across treatments with a slight increase in velocity observed between 0 to 1 hours post-
activation, followed by a steady decline between 1 to 6 hours post-activation 
(MANOVA: F8,65 = 45.00, P<0.0001*). Overall, there was no effect of vitamin E 
concentration on sperm velocity (MANOVA: F7,72 = 0.04, P =0.9251), and there was no 
time by treatment effect (MANOVA: F56,497 = 0.72, P =0.4435; Table 4).  
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Table 3. Effect of vitamin E on sperm motility (percent) over a 6-hour period post-
  activation  
 
Data shown are untransformed mean ± standard error mean (SEM; n=10). Letters displayed are the 
result of Tukey-Kramer HSD post-hoc tests on sin-1 (√x) transformed data. Treatments that share a 
letter are not significantly different (p>0.05). Fd.f and p values displayed are the result of one-way 
ANOVAs on transformed data.  
 Percentage sperm motility  
 
 






















































































































































































Table 4. Effect of vitamin E on sperm velocity (VCL) over a 6-hour period post-
  activation  
 
 
Data shown are untransformed mean ± standard error mean (SEM; n=10). Letters displayed are the 
result of post hoc Tukey-Kramer HSD post-hoc tests on untransformed data. Treatments that share a 
letter are not significantly different (p>0.05). Fd.f. and p values displayed are the result of one-way 
ANOVAs on untransformed data. 
 Curvilinear velocity  (μm s-1)  
 
 
0.0 μg/μL   
vitamin E 
 


















































































































































































3.5  DISCUSSION 
 
Once activated, motile sperm generate high levels of ROS that can quickly accumulate 
and impair motility and fertilising ability (Verma and Kanwar 1998). The addition of 
antioxidants to sperm suspensions has been suggested as a means of reducing oxidative 
stress and enhancing sperm motility post-activation (Silla et al. 2017). Despite this, 
research on this topic in external fertilisers has been limited. The present study aimed to 
investigate the effect of vitamin C and vitamin E on sperm motility duration and found 
both antioxidants to have no benefit to sperm performance post-activation in the 
booroolong frog.   
 Contrary to expectations the present study showed that vitamin C provided no 
benefit to sperm, and instead was observed to have a detrimental effect on sperm 
motility and velocity at all tested concentrations (0.06 – 0.25 μg μL-1) and time periods 
(0 – 6 hours post-activation). Previous research has shown that vitamin C can improve 
sperm motility recovery and fertilising capacity post-storage (Lanzafame et al. 2009), 
presumably by reducing the peroxidative damage caused by oxidative stress (Fraga et 
al. 1991; Verma and Kanwar 1998). Despite these positive results, the present study is 
not the first to show a detrimental effect of vitamin C supplementation on sperm 
motility (Verma and Kanwar 1998; Lahnsteiner et al. 2010). In fish, a reduction in 
sperm motility was reported in brown trout sperm samples that were supplemented with 
vitamin C at various concentrations (Lahnsteiner and Mansour 2010). Evidence from 
mammalian studies demonstrate that in some instances, vitamin C can switch from 
antioxidant to pro-oxidant activity, were it ceases to work as a free radical scavenger 
and instead becomes metabolically damaging (Ottolenghi 1959; Barber 1966). This 
occurs when there is an imbalance between vitamin C and redox-active metal 
concentrations such as iron and copper, which are essential trace mineral nutrients 
found in the reproductive cells of all vertebrates (Tvrda et al. 2015). These metals are 
reduced by vitamin C, and in turn, react with dissolved oxygen to generate hydrogen 
peroxide, a potentially harmful ROS (Agarwal et al. 2004). The vitamin C concentration 
which causes this reaction is highly variable and appears species specific. It is not clear 
from the present study whether the detrimental effect of vitamin C on sperm motility 
observed was a consequence of pro-oxidant activity. Future research would benefit from 
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conducting a sperm lipid peroxidation test (Lahnsteiner et al. 2010), which would allow 
the levels of ROS within sperm suspensions to be quantified. 
 Vitamin E, applied at all tested concentrations ranging from 0 to 1.75 μg mL-1, 
had no effect on percent sperm motility or sperm velocity at any time period (0 to 6 
hours).  Vitamin E is an important lipid-soluble antioxidant that has been identified in 
the semen of several fish species, and has been shown to improve sperm viability in fish 
and mammals when applied to storage media (Cerolini et al. 2000; Peña et al. 2003). 
One possible explanation for the lack of benefit observed may be that booroolong frog 
sperm possess an unusually high endogenous antioxidant capacity, resulting in no added 
benefit of exogenous antioxidant supplementation. The sperm of booroolong frogs have 
recently been reported to exhibit extreme sperm longevity, with sperm from this species 
remaining motile for more than twice the duration of any other amphibian species (Silla 
et al. 2017). This extreme longevity may be the result of a higher than normal 
antioxidant capacity, allowing sperm to resist ROS-induced damage and remain motile 
for prolonged periods. In order to ascertain whether this is the case, booroolong frog 
sperm should be subjected to luminol chemiluminescence assays, which measure the 
amount of ROS sperm cells are generating (Silla et al. 2017; Kashou et al. 2013).  
 Although no positive effects on sperm motility activation were observed in 
response to vitamin C or E supplementation in the present study, further investigation 
using alternate antioxidants is warranted. First, characterisation of the natural 
antioxidants present in anuran ejaculates may be necessary to identify naturally 
occurring antioxidants that may improve motility. For example, in brown trout seminal 
fluid and spermatozoa, vitamin E concentrations are very low, which might explain why 
vitamin E supplementation has no effect on sperm motility (Lahnsteiner et al. 2010). In 
contrast, the antioxidant compound uric acid, occurs at very high concentrations in the 
sperm of several teleost fish species, and is one of only a few exogenous antioxidants 
known to positively affect sperm motility and membrane integrity (Lahnsteiner and 
Mansour 2010). Biochemical assays to determine the endogenous antioxidant 
compounds present in anuran sperm ejaculates are required to ascertain whether 
alternative antioxidants, such as uric acid, may be more suitable for improving sperm 
motility activation in anurans.  
 In conclusion, this study represents the first attempt in an anuran to improve 
sperm motility activation by supplementing sperm suspensions with antioxidants in 
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vitro. Vitamin C supplementation was detrimental to sperm motility across all tested 
concentrations, while vitamin E had no effect. Further investigation of the antioxidants 
present in anuran sperm ejaculates is required to ascertain whether alternative 
antioxidants may be more effective at improving sperm motility duration.  
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4 INVESTIGATING THE EFFECT OF LONG-TERM 
DIETARY BETA-CAROTENE 
SUPPLEMENTATION ON SPERM 







Dietary carotenoids are known for their powerful antioxidant capacity, so it has been 
hypothesised that they will improve sperm performance by protecting sperm cells from 
oxidative damage. To date, effects of carotenoids on sperm have only been tested in 
three vertebrate species, and evidence for improved performance remains equivocal. 
One reason for this might be that not all studies have tested the effects of single 
carotenoid compounds over a broad range of doses. The aim of our study was to test for 
a dose dependent effect of beta-carotene supplementation on sperm performance in the 
booroolong frog (L. booroolongensis). Individuals were supplemented with one of four 
beta-carotene doses (0, 0.1, 1 and 10 mg g-1) from hatching until sexual maturity (53 
weeks). Testes were removed via dissection and sperm concentration determined. 
Percent sperm motility and sperm velocity was measured at 0, 3 and 6 hours post-
activation using a computer assisted sperm analysis system. Unexpectedly, beta-
carotene had no significant effect on sperm motility or velocity at any time point, 
providing no evidence that dietary beta-carotene supplementation improves sperm 
performance in the booroolong frog. The most likely explanation for this finding is that 
booroolong frogs produce extremely slow swimming sperm, which may limit ROS 
production and reduce dependence on exogenous antioxidants. Our findings draw 
attention to the fact that there are likely to be species-specific differences in sperm 
motility (and investment in sperm production in general) that influence the risk of ROS-
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related sperm damage and dependence on dietary antioxidants. Ongoing carotenoid 
supplementation studies across a diversity of species are now needed to provide 
important insights into the proximate mechanisms controlling sperm performance and 





Dietary antioxidants have long been known to play a powerful role in vertebrate 
functioning, with reports of beneficial effects on various fitness-determining traits. 
Dietary-supplementation experiments have shown beneficial effects on vertebrate 
immune function (Hughes 1999; Chew and Park 2004; Butler and McGraw 2012), 
visual acuity (Tan et al. 2008; Knott et al. 2010), neural function (Pandey and Rizvi 
2009; Bovier et al. 2014), exercise performance (Powers et al. 2004; Silla et al. 2016) 
and longevity (Ames et al. 1993). More recently, antioxidants have been shown to have 
beneficial effects on various reproductive traits, including egg production (Blount et al. 
2004; Bertrand et al. 2006), fecundity (McGraw et al. 2005; Ogilvy et al. 2012; Dugas 
et al. 2013a), fertility (Pike et al. 2010; Ahmadi et al. 2016), embryonic growth 
(through maternal deposition of antioxidants in eggs) (Blount et al. 2000; McGraw et al. 
2005), and sperm performance (Helfenstein et al. 2010; Tizkar et al. 2015). In regard to 
sperm performance, there is a rapidly growing body of evidence across vertebrates that 
antioxidant consumption can improve a number of parameters, including sperm motility 
(Peters et al. 2004; Ahmadi et al. 2016), sperm velocity (Peters et al. 2004; Locatello et 
al. 2006; Helfenstein et al. 2010), sperm concentration (Ahmadi et al. 2016) and sperm 
longevity (Biswas et al. 2007; Khan et al. 2012). All of these parameters are known to 
play a direct role in fertilisation success (Mahadevan and Trounson 1984; Tizkar et al. 
2015). As such, improving these parameters is expected to play a crucial role in 
mitigating male infertility, prompting a surge of studies investigating the potential for in 
vivo antioxidant therapy to influence the function and health of vertebrate sperm cells.  
Theoretically, antioxidants are expected to influence sperm performance by 
quenching excess oxygen free radicals (ROS) produced by rapidly dividing 
spermatogonia (sperm cells) in the testes (Tomar et al. 2017). Although a natural by-
product of oxygen metabolism, oxygen-derived radicals possess an unpaired electron, 
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making them highly reactive. The accumulation of ROS subsequently causes oxidative 
stress, an imbalance between the accumulation of ROS and the bodies ability to 
detoxify or repair the resulting damage (Almbro et al. 2011). Antioxidants can inhibit 
oxidation by ‘donating’ elections to the unpaired electron of the free radical molecule. 
This reaction can neutralise ROS molecules, and prevent them from damaging sperm 
cells. Sperm cells are thought to be particularly vulnerable to oxidative damage for a 
number of reasons. First, spermatogenesis occurs in the highly metabolically active, and 
therefore ROS producing, testes (Almbro et al. 2011). Second, sperm are highly motile 
and therefore require high adenosine triphosphate consumption (ATP; Boonyaratpalin 
and Unprasert 1989), which, in turn, generates high levels of ROS and potential for 
oxidative damage (Stoss 1978). Third, sperm cells have almost no enzymatic 
antioxidants to detoxify ROS, and therefore exhibit a distinct lack of protection against 
oxidative damage (Agarwal et al. 2004).  
 Over the past decade a number of empirical studies have investigated the 
influence of dietary antioxidants on sperm performance, with a specific focus on 
understanding the effects of dietary micronutrients. Most well studied are dietary 
vitamins, with some convincing evidence in humans, birds and fish for beneficial 
effects of vitamin E and vitamin C supplementation on sperm concentration (Monsi and 
Onitchi 1991; Ciereszko and Dabrowski 1995; Yousef et al. 2003; Eskenazi et al. 
2005), sperm motility (Ciereszko and Dabrowski 1995; Suleiman et al. 1996; Yousef et 
al. 2003; Khan et al. 2012) and sperm viability (Harris et al. 1979; Yousef et al. 2003; 
Cerolini et al. 2006; Biswas et al. 2007). More recently, the effect of another class of 
micronutrients, dietary carotenoids, has come into focus. Carotenoids are organic 
pigments produced by plants and algae and may play a greater role on sperm 
performance than vitamins. These compounds not only act as powerful antioxidants, 
quenching excess ROS and preventing damage to spermatozoa, but are also vital pre-
cursors to vitamin A (Von Lintig and Vogt 2004). Vitamin A has been shown to be 
essential for sperm production in mammals (Thompson et al. 1964) and is primarily 
obtained in vertebrates through the consumption of plant matter containing carotenoids 
such as carotene, and carotene derivatives with pro-vitamin A activity (Von Lintig and 
Vogt 2004). In principle, this duel action of carotenoids could significantly improve 
vertebrate sperm quality and male reproductive performance.  
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To date, only three dietary studies have explored the effects of carotenoids on 
sperm performance, but results have been equivocal. A study investigating the effects of 
xanthophyll and beta-carotene supplemented independently and in combination (0.60 
mg g-1) on convict cichlid (Amatitlania nigrofasciata) sperm found no significant effect 
on sperm motility or velocity (Sullivan et al. 2014). However, in goldfish (Carassius 
auratus), Tizkar et al. (2015) reported that males supplemented with the highest 
treatment dose of pure astaxanthin and beta-carotene (150 mg g-1) had higher sperm 
concentration and sperm motility compared to unsupplemented males, or those 
supplemented with low doses (0, 50 and 100 mg g-1). Similarly, in the great tit (Parus 
major), Helfenstein et al. (2010) found that males supplemented with a carotenoid 
combination (lutein, zeaxanthin, beta-carotene; exact dose unknown) had higher sperm 
motility and velocity compared to unsupplemented individuals (Helfenstein et al. 2010). 
These inconsistencies may arise due to different effects of carotenoid type on different 
groups, but might also be due to dose effects. Based on optimality theory we expect that 
benefits will be restricted to a range of species-specific, ecologically-relevant carotenoid 
concentrations, with physiological response optimised at intermediate concentrations 
(Christiansen and Torrissen 1996). Doses that are too low may have negligible benefit, 
whilst doses that are too high might either be toxic, or have pro-oxidant effects (Palozza 
et al. 2003), with overall negative effects on sperm performance. Clearly, to advance 
our understanding of the effect of carotenoids on vertebrate sperm performance, there is 
an urgent need for dietary supplementation studies that experimentally test the effect of 
specific carotenoid compounds in isolation, and at various doses, and this work needs to 
be conducted across taxonomic groups.  
 Anuran amphibians (frogs and toads) are one vertebrate group that provide a 
good model for exploring the effects of carotenoid dose on sperm performance. There is 
a growing body of evidence that carotenoids are important in anurans, with reported 
effects on skin coloration (Ogilvy et al. 2012; Umbers et al. 2016), anti-predator 
behaviour (Silla et al. 2016), growth and development (Ogilvy and Preziosi 2012; 
Dugas et al. 2013a), survivorship (Ogilvy and Preziosi 2012) and skin bacteria 
composition (Antwis et al. 2014; Edwards et al. 2016). More importantly, there is 
evidence that dietary carotenoids play a role in certain reproductive traits. Specifically, 
it was recently found that red-eyed tree frogs (Agalychnis callidryas) and strawberry 
poison frogs (Oophaga pumilio) exhibited higher fecundity when supplemented with 
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beta-carotene/lutein (0.25 mg g-1) and a carotenoid mixture (Astaxanthin, beta-carotene, 
lutein, zeaxanthin, cryptoxanthin & spirulina; approx. 0.2 mg g-1) respectively 
compared to unsupplemented frogs (Ogilvy et al. 2012; Dugas et al. 2013a). Anuran 
amphibians are exposed to and consume carotenoids naturally in their diets, so it is 
presumed that most species will have the physiological capacity to absorb and utilise 
these micronutrients (Olson and Owens 1998). Furthermore, in various species, sperm 
are known to be highly motile, with sperm motility and velocity being reliable 
predictors of fertilisation success (Van Voorhis et al. 2001; Au et al. 2002; Gage et al. 
2004; Rurangwa et al. 2004). 
 The aim of our study was to investigate the dose-dependant effect of the dietary 
carotenoid beta-carotene on sperm concentration, motility and velocity in the 
booroolong frog (L. booroolongensis). A recent manipulative laboratory experiment in 
this species found a dose-dependant effect of dietary beta-carotene supplementation on 
growth and development. Individuals supplemented with intermediate beta-carotene 
doses (1 mg g-1) exhibited accelerated growth rates as tadpoles and metamorphosed 
significantly faster compared to unsupplemented frogs (Keogh et al. 2018). We predict 
that beta-carotene supplementation will also have a significant effect on sperm 





The procedures outlined below were performed following evaluation and approval by 
the University of Wollongong’s Animal Ethics Committee (approval number AE 
14/21). 
 
 Collection and acclimation of experimental animals  
A total of 360 L. booroolongensis eggs, from four discrete egg clutches were collected 
from a captive colony maintained at Taronga Zoo, Sydney, NSW, Australia. Egg 
clutches were laid between January 2 and January 17, 2015, and all eggs hatched within 
3 days of oviposition. Egg clutches were transported to the Ecological Research Centre 
at the University of Wollongong (UOW) in plastic aquarium bags filled with carbon 
filtered water (700-1000mL) and maintained at 18-23°C during transportation. For a 
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two week acclimation period prior to the beginning of the experiment, hatching tadpoles 
were housed communally (within each clutch) in 20 L aquaria and fed basal diet of 
ground fish flake mixture (75:25 Sera Flora/ Sera Sans; SERA, Germany) ad libitum 
every two days. All tadpoles were 9-15 days old post-hatching at the commencement of 
the experiment.  
 
 Experimental design  
To quantify the effect of dietary carotenoid supplementation on L. booroolongensis 
sperm performance, individuals were reared on one of four dietary treatments, 
containing different concentrations of beta-carotene; 0 mg g-1, 0.1 mg g-1, 1 mg g-1 and 
10 mg g-1. Each treatment included 72 replicate individuals (288 individuals in total) 
and individuals remained on the same diet treatment throughout both larval and post-
metamorphic life stages. The experiment commenced on January 19, 2015 and 
individuals reached metamorphosis between 49 and 175 days. Individuals were grouped 
into the week they metamorphosed and once adult frogs reached sexual maturity (207-
213 days), each group was euthanised to determine sex and male sperm performance.  
 
 Tadpole and metamorph husbandry  
Larval and post-metamorphic animals (n= 288) were individually housed in plastic 
containers (10cm diameter and 10.5cm high), surrounded by a black plastic ring to 
prevent visual interactions among individuals. The experimental containers were held in 
groups of nine within plastic trays, which were positioned across three shelves in a 
constant temperature room. The experimental containers were aligned in rows of three, 
with each treatment group alternating between rows, in the following order; 0, 0.1, 1 
and 10 mg g-1 (Fig. 8). On the first day of the experiment, tadpoles were assigned to 
shelf position and treatment group and individuals remained in these positions/treatment 
groups to completion of the experiment. The four clutches were evenly positioned 
across the experimental room (see Fig. 8). The room was artificially illuminated on a 
15:9 hour, day: night cycle (including twilight lighting for half an hour each cycle to 
simulate dawn and dusk) and UV-B lights (Reptisum 10.0 UVB 3600 bulb; Pet Pacific, 
Australia) were suspended approximately 20cm above each shelf, providing 6.5 hours 
per day of UV-B light (between 10am to 4:30pm). The experimental room temperature 
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was maintained at 22°C (range was 21.9°C to 23°C). These conditions were in 
accordance with L. booroolongensis husbandry procedures developed by Taronga Zoo. 
 Larvae were individually housed in experimental containers that were labelled 
with a unique code for identification and filled with 550mL of carbon-filtered water. A 
50% water change was conducted four times per week (prior to feeding on feeding 
days) using an automated irrigation system and excess food and excreta were siphoned 
from each container every fortnight using a disposable pipette (3mL). Ammonia, nitrate 
and pH levels in the water were monitored every fortnight using a water testing kit 
(Aqua one, Australia). Samples were taken from 3 randomly selected tubs per treatment 
(n=12) and ammonia concentrations remained low (<0.50 mg L-1), nitrate remained at 0 
mg L-1, and pH remained at 7.4.  
 Once individuals metamorphosed (Gosner stage 46), they were moved into new 
juvenile containers (10.5cm H × 10cm D) and these remained in their original shelf 
position. Containers consisted of approximately 3cm of aquarium gravel, covered by 
three layers of moist sponge. The base of the container had a ring of small holes 
(approximately 1.5cm), which allowed carbon-filtered water to be flushed through four 
times weekly (approximately 700mL of water per flush). Containers were covered with 
a plastic lid, with air holes that prevented juvenile frogs from escaping. Four-weeks 
post-metamorphosis, animals containers were changed to accommodate their growing 
size. Extra gravel (approximately 5cm thick) was added to the existing containers and a 
water dish containing an aquarium plant was also added. The lid was replaced with 
netting to allow UV-B penetration. The containers continued to be flushed 4-times per 
week (with approximately 700mL of carbon filtered water) and once a month each 















Fig. 8 Schematic of the layout of the experimental room; each row represents a shelf in temperature control room (1-4). 
Shelf one consisted of the pilot study experimental animals and shelves 2, 3 & 4 consisted of animals in the final dietary 
experiment. Each box represents an individual tadpole/frog and letters A through D represent each clutch and their 
allocation across the experimental room. Trays 1-41 represent the plastic trays, which housed 9 individual aquaria.  
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 Tadpole and metamorph diets 
Experimental diets (0, 0.1, 1 and 10 mg g-1) were prepared by mixing 990mg of ground 
fish flake (75:25 mixture of Sera Flora/ Sera Sans; SERA, Germany; see carotenoid 
composition in Appendix 3) with a treatment powder composed of beta-carotene 
powder (22040; Sigma-Aldrich, Castle Hill, NSW) and cellulose microcrystalline 
powder (435236; Sigma-Aldrich, Castle Hill, NSW; Table 5). This regime ensured a 
balanced experimental design, so that each treatment consisted of the exact same 
quantity of food. Cellulose has no effect on the survivorship, growth or development of 
L. booroolongensis larvae (see results of a pilot study presented in Appendix 1).  
 Treatment diets were pre-prepared in individual labelled syringes by taking 
1000mg of food (corresponding to each diet treatment, Table 5) and adding 10mL of 
reverse osmosis water (RO water; Sartorius Stedim Biotech, Germany). Food 
suspensions were stored in 20mL syringes and frozen at -20°C until feeding days, in 
which they were defrosted at room temperature, homogenised and administered in a 
drop-wise manner. Tadpoles were fed two drops of food suspension (0.0402 to 0.0462g 
wet mass; 0.0184 to 0.0291g) for the first four-weeks of the experiment, and then three-
drops (0.1363 to 0.1432g wet mass; 0.0415 to 0.0706g dry mass) for the remainder of 
the experiment (to support increased energetic demands). Tadpoles were fed treatment 
diets twice per week for the duration of the experiment to ensure animals were fed ad 
libitum.  
 Post-metamorphosis, frogs were fed twice a week ad libitum with wingless fruit 
flies (Drosophila melanogaster) for the first four weeks, then second instar crickets 
until they reached sexual maturity at 7-months of age. Beta-carotene was supplemented 
by dusting the flies and crickets with 0, 0.1, 1 or 10 mg g-1 of treatment powder. All 
individuals received calcium supplementation by adding 200mg of calcium to each 











Table 5 Composition of experimental diets supplied during the larval life stage.  
Treatment Fish flake (mg) Beta-carotene 
(mg) 
Cellulose (mg) Overall mass 
of food (mg) 
0 mg g-1 990  0.0 10.0 1000 
0.1 mg g-1 990 0.1 9.9 1000 
1 mg g-1 990 1.0 9.0 1000 
10 mg g-1 990 10.0 0.0 1000 
 
 
 Quantifying sperm performance  
Individuals were grouped into the week they metamorphosed, and 7-months post 
metamorphosis, once frogs reached sexual maturity, sperm quality was tested. Sperm 
quality assessments were conducted from 6th October 2015 to 26th January 2016. At the 
time of sperm assessment, the weight of frogs ranged from 2.61 to 5.87g; mean mass ± 
SEM =3.48 ± 0.03. Male frogs were euthanized via pithing and both testes were 
extracted and macerated post-mortem to generate sperm suspensions. The testis from 
each individual was macerated in 150μL of chilled 1:1 simplified amphibian ringer 
(SAR: 113mM NaCL, 1mM CaCL2, 2mM KCl, 3.6mM NaHCO3; 220 mOsmol kg-1) in 
1.5mL Eppendorf tubes. Sperm suspensions were submerged in ice until all males from 
that group had been euthanized and sperm performance parameters assessed. For each 
individual, sperm concentration was quantified using an Improved Neubauer 
Haemocytometer (Bright Line, Optik Labor, Germany) according to procedures 
described previously (see Silla and Roberts 2012). Briefly, a homogenised 2-uL 
subsample of sperm suspension was diluted in 18-uL of 1:1 SAR (1:10 dilution), 
homogenised and pipetted into a haemocytometer chamber. The number of spermatozoa 
present in five quadrats was recorded and used to calculate total sperm concentration. 
This was repeated twice per suspension, and sperm counts averaged. If replicates 
differed by > 5%, a third count was recorded and an average of two counts within 5% 
difference was obtained.  
 To determine the effect of dietary beta-carotene supplementation, on sperm 
quality, a computer-assisted sperm analysis system (CASA: CEROS version 12; 
Hamilton Thorne, Beverley, MA) was used to quantify percentage sperm motility 
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(percent motility), curvilinear sperm velocity (VCL: the time-averaged velocity of 
sperm along its actual curvilinear path), and average path velocity (VAP). To activate 
sperm motility prior to sperm performance assessment, a 10-uL aliquot of sperm was 
taken from each suspension, homogenised and diluted with 90-uL of chilled 1:8 
activation medium (SAR; 50 mOsmol kg-1). Sperm motility (%) and sperm velocity 
(VCL: μm s-1) was recorded five minutes post-activation according to the procedures of 
(Browne et al. 2002) and (Silla et al. 2015), which included a two minute settling 
period, where the suspension was pipetted into a haemocytometer chamber (exact depth 
0.1mm) and placed on the microscope stage. Each activated suspension was then held in 
a covered petri dish and reassessed at 3 and 6 hours post-activation. All sperm 
suspensions were activated and performance parameters measured in a constant 
temperature room set to 22°C (range 21.0-22.1°C). The CASA system used for the 
assessment of sperm motility was set to detect a cell size of 10 pixels, and a static cell 
intensity of 80. VAP cut-off was 5-μm s-1 and slow moving spermatozoa (those with 
VAP < 5 μm s-1) were considered motile. Immotile spermatozoa (VAP 0 μm s-1) did not 
contribute to average sperm velocity. Two to five replicate recordings were taken and 
averaged.  
 
 Statistical analyses  
To evaluate the effect of dietary beta-carotene supplementation on sperm performance 
across time periods post-activation, separate repeated measures MANOVAs were 
conducted. Within each model, treatment and sampling time (0, 3 and 6 hours) were 
fixed factors, and the response variable was either percent sperm motility (percent), 
curvilinear velocity (VCL) or average path velocity (VAP). Prior to analysis, 
assumptions of sphericity from within subject effects were tested using the Mauchly 
criterion and Pillai’s trace F-statistic. The effect of treatment dose (0, 0.1, 1 and 10 mg 
g-1) on sperm motility or velocity at each individual time period post-activation (0, 3 
and 6 hours) was tested using separate linear mixed-effects models (Chalmers and 
Slack.) fitted with restricted maximum likelihood (REML). In each model the treatment 
dose was the fixed categorical effect and clutch number (1 to 4) was included as a 
random effect. A similar model was also used to test the effect of treatment on sperm 
concentration at the first sampling time (0 hours). For all analyses we assumed there 
was no interaction between treatment group and clutch (preliminary analyses provided 
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no evidence for interactive effects) and tested the null hypothesis that there was no 
difference among treatment groups in any clutch. Male body mass (g) was included in 
the model as a covariate when there was a significant effect. To normalise data and 
stabilise variances, we log transformed all response variables before running LME 
models. Prior to analysis, percentage motile data was transformed using the 
transformation sin-1 (√x). All statistical analyses were performed using JMP 11.0 
software package (SAS Institute Inc. North Carolina, USE). For all tests, statistical 





4.4.1 Sperm concentration 
 
Individual sperm concentrations in suspension ranged from 4.5 × 106 to 124.0 × 106 
sperm mL-1. Mean sperm concentrations for each dietary treatment (0, 0.1, 1 and 10 mg 
g-1 beta-carotene) ranged from 35.2 × 106 to 40.0 × 106 and no statistical differences 
were detected between treatment groups (Table 6). 
 
4.4.2 Percent sperm motility  
 
Overall, the percentage of motile sperm declined with increasing time post-activation 
across all experimental treatments (MANOVA: F2,174 = 0.49, P < 0.0001). Mean percent 
motilities were above 70 % (range: 70.7 to 73.7 %; Table 2) at 0 hours post-activation, 
falling below 60 % (range: 56.1 to 58.8 %; Table 2) by 6 hours post-activation. There 
was no significant effect of dietary treatment on sperm motility at any time period post 
motility activation (0, 3 and 6 hours post-activation; Table 6).  
 
4.4.3 Curvilinear velocity  (VCL) 
 
Curvilinear sperm velocity (VCL) did not differ significantly with increasing time post-
activation (MANOVA: F2,174 = 0.001, P = 0.8894). Similarly, there was no significant 
effect of dietary treatment on curvilinear velocity, with sperm velocities remaining 
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above 28 μm s-1 across all dietary treatments and time periods post sperm-activation 
(Table 6). 
 
4.4.4 Average path velocity (VAP) 
 
Average sperm velocity (VAP) differed significantly with increasing time post-
activation (MANOVA: F2,174 = 0.10, P = 0.0002), with mean velocities increasing 
across all dietary treatments between 0 to 6 hours (Table 2) Dietary treatment  had no 
significant effect on VAP at any time period post-activation (Table 6). 
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Table 6 Effect of long-term dietary beta-carotene supplementation (0, 0.1, 1 & 10 mg g-1) on i) sperm concentration, ii) percent sperm motility, iii) curvilinear 
velocity (VCL), and iv) average path velocity (VAP) at 0, 3 & 6 hours post sperm motility activation in the Booroolong frog.  
 
















- 35.59 ± 3.03 39.60 ± 2.99 35.19 ± 29.61 40.07 ± 2.90 0.8523,173.7 0.4675 
        
Motility (%) 0 71.84 ± 1.71 73.72 ± 1.78 71.46 ± 1.93 70.70 ± 1.96 0.2813,172.9 0.8392 
Motility (%) 3 64.09 ± 2.06 66.72 ± 1.87 66.15 ± 1.59 65.71 ±2.19 0.3123,172.6 0.8169 
Motility (%) 6 58.77 ± 2.45 56.87 ± 2.73 58.08 ± 1.75 56.44 ± 2.64 0.2953,173.2 0.8293 
        
VCL (μm s-1) 0 28.62 ± 0.71 28.93 ± 0.61 28.58 ± 0.81 29.59 ± 0.96 0.2773,172.7 0.8418 
VCL (μm s-1) 3 28.42 ± 0.86 29.06 ± 1.02 30.19 ± 1.06 29.56 ±0.86 1.0293,171.4 0.3813 
VCL (μm s-1) 6 29.79 ± 0.93 28.26 ± 0.88 30.16 ± 1.23 29.52 ±0.84 0.8623,169.9 0.4622 
        
VAP (μm s-1) 0 13.16 ± 0.33 13.19 ± 0.29 13.08 ± 0.35 13.00 ± 0.41 0.4283,172.4 0.7333 
VAP (μm s-1) 3 13.72 ± 0.42 14.00 ± 0.38 14.55 ± 0.58 14.42 ±0.56 0.4853,172.5 0.6930 
VAP (μm s-1) 6 14.71 ± 0.52 13.93 ± 0.47 14.46 ± 0.50 14.30 ±0.43 0.6453,174.4 0.5868 
Data shown are untransformed mean ± SEM. Sample sizes (n) for each treatment is 43, 44, 45 and 47 respectively. Fdf and p values displayed are the result of LME on Ln 





Dietary carotenoids are predicted to act as powerful antioxidants and improve sperm 
performance by protecting sperm cells from oxidative damage. However, their 
importance remains strongly debated because evidence for beneficial effects remains 
limited. One reason for this might be that few studies have tested the effects of single 
carotenoid compounds over a broad range of doses, and for extended periods (hours) 
following sperm activation. The aim of our study was to investigate the dose-dependant 
effect of beta-carotene on sperm motility and velocity, at 0, 3 and 6 hours post-
activation in the booroolong frog. Our study is the first to assess sperm performance in 
response to in vivo antioxidant treatment in any amphibian, and is the largest of its kind 
in any vertebrate (43-47 replicate individuals in each of the four treatments applied over 
53 weeks). Despite this, results show that there was no significant effect of dietary beta-
carotene supplementation on sperm concentration, motility or velocity at initial 
activation (0 hours), or sperm motility or velocity at 3 or 6 hours post-activation. 
Overall these results provide no evidence that dietary beta-carotene supplementation 
improves sperm performance in the booroolong frog.  
 Dietary beta-carotene supplementation may not have improved sperm 
performance in the booroolong frog because this species lacks the physiological ability 
to absorb and metabolise beta-carotene, as has been previously suggested for the 
Corroboree frog (Byrne and Silla 2017). This might be expected in species where access 
to carotenoids has been limited over evolutionary time, or carotenoids are only briefly 
consumed during certain life stages. However, as for most anurans, booroolong frogs 
are likely to have had a long exposure to beta-carotene because the natural diet of larvae 
consists of carotenoid-rich algae (Eeva et al. 2010), whilst that of adults consist of 
carotenoid-rich insects (Eeva et al. 2010). We replicated this natural consumption of 
carotenoids by providing individuals with dietary beta-carotene from hatching through 
to metamorphosis, and post metamorphosis, to allow the accumulation of carotenoids 
reserves at both life stages. Although there has been no research investigating the effect 
of dietary carotenoids on booroolong frog physiology, we recently found accelerated 
larval growth rates, and reduced time to metamorphosis, in beta-carotene supplemented 
booroolong frogs compared to unsupplemented frogs (Keogh et al. 2018). This 
discovery indicates that booroolong frogs can indeed process and utilise beta-carotene. 
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Furthermore, recent dietary manipulation studies on the southern corroboree frog, 
another Australian alpine frog, have shown that carotenoid supplementation can have 
positive effects on various fitness determining traits, including exercise performance 
(Silla et al. 2016), skin colouration (Umbers et al. 2016) and skin bacteria assemblages 
(Edwards et al. 2016). Additional evidence that anuran amphibians can utilise dietary 
carotenoids has come from reports of improved growth and development (Ogilvy and 
Preziosi 2012; Dugas et al. 2013a), survivorship (Ogilvy and Preziosi 2012) and 
fecundity (Ogilvy et al. 2012; Dugas et al. 2013a) following dietary supplementation in 
red-eyed tree frogs, western clawed frogs, and strawberry poison frogs. Such findings 
indicate that amphibians have a general capacity to metabolise and utilise dietary 
carotenoids. 
 An alternative reason why beta-carotene did not improve sperm performance 
might be that two aspects of the rearing environment, one abiotic and one social, slowed 
the rate of sperm production, and in turn, ROS production. If sperm cells were 
experiencing very low levels of oxidative stress, dietary beta-carotene may have 
provided little or no benefit. In ectotherms, the rate of spermatogenesis is known to be 
temperature dependent, and the formation of spermatogonia and spermatocytes occurs 
when there is a gradual increase in ambient temperature (coupled with an increase in 
day length) during sexual maturation (Rastogi et al. 1976; Chaves et al. 2017). These 
changes in the abiotic environment trigger a cascade of hormonal changes that regulates 
the spermatogenetic cycle (Rastogi et al. 1976; Gasparini et al. 2017). Post 
metamorphosis, frogs were held at approximately 22 °C and the photoperiod was held 
constant (to reflect mean temperatures and photoperiods during late austral spring), and 
these moderate and stable conditions may have restricted sperm production, and the 
generation of ROS. Any such effect may have been exacerbated by the fact that frogs 
were raised in isolation, which can also suppress sperm production. Sperm are 
expensive to produce (Olsson et al. 1997), and in ectothermic species males have been 
shown to conserve energy by regulating sperm production in response to changes in the 
social environment. For instance, in various fish, the presence of females can lead to a 
rapid increase in the release of gonadotropic hormones that increase the rate of 
spermatogenesis (Dulka and Demski 1986; Dulka et al. 1987; Olsén and Liley 1993; 
Bozynski and Liley 2003). Additionally, in various vertebrates (including frogs) the 
presence of conspecific males can trigger increased sperm production due to an increase 
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in the perceived intensity of sperm competition (Byrne et al. 2002; Wedell et al. 2002). 
Compounding these physiological changes, males are likely to experience acute 
oxidative stress from a spike in metabolic rate resulting from increased energetic 
investment in breeding behaviours, such as mate guarding and territorial defense 
(Nilsson 2002). Given the crucial role that environmental and social cues play in sperm 
production, future dietary studies with booroolong frogs, and other ectothermic species 
used to explore effect of carotenoids on sperm performance, should aim to test for 
changes in sperm motility and swimming speed after exposing individuals to conditions 
that are likely to elicit high levels of sperm production, which will increase the 
producing of ROS and dependence on antioxidants. 
 Given that we have previously shown that booroolong frogs exhibit accelerated 
growth and development in response to beta-carotene supplementation, an alternative 
explanation for our findings is that carotenoids were preferentially invested in growth 
and development. The carotenoid trade-off hypothesis predicts that if dietary 
carotenoids are scarce, individuals may preferentially allocate limited carotenoids to 
fitness-determining traits that have the strongest influence on individual performance 
and survival, such as growth and development, coloration and immunity (Lin et al. 
2010). This developmental trade-off amongst traits might explain why we found 
improved growth and development in our previous study, but no effect on sperm 
performance in the present study. Trade-offs between carotenoid-mediated traits have 
been reported in several fish and bird species (Clotfelter et al. 2007; Benito et al. 2011) 
and might also occur in amphibians. However, it seems unlikely that beta-carotene was 
in short supply because the doses we used were higher than those shown to improve 
sperm performance in goldfish (Tizkar et al. 2015). Additionally, in our past study 
investigating growth and development in the booroolong frog we found that the highest 
treatment dose (10 mg g-1) actually had negative effects on growth rate (most likely 
caused by toxic pro-oxidant effects). This finding indicates that beta-carotene was freely 
available during the post-metamorphic life stage, which is when sperm cells were being 
produced. However, to conclusively determine whether preferential investment of 
carotenoids in other traits mediates sperm performance, a range of fitness-determining 
traits would need to be examined. Booroolong frogs are not brightly coloured, so it is 
unlikely that carotenoids are preferentially invested in any pigment-based traits. 
However, the potential exists for carotenoids to be invested in immunity, and general 
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exercise performance (Alonso-Alvarez et al. 2004; Simons et al. 2012; Silla et al. 
2016). 
 Another reason why carotenoid supplementation may not have improved 
booroolong frog sperm performance could be that this species exhibits unusually low 
sperm velocity. Average and maximum sperm velocity in booroolong frogs (average 
13.1 um s-1; maximum 15 um s-1Keogh et al. 2017a; Silla et al. 2017) is approximately 
half that reported for a diversity of other anuran species for which this information 
exists (average 25 um s-1 , , maximum 37 um s-1; Dziminski et al. 2010; Browne et al. 
2015). Slower swimming sperm would have lower metabolic activity and therefore a 
reduced production of ROS. Under these conditions, the endogenous antioxidant system 
may be sufficient at protecting the sperm cells from oxidative stress, and further dietary 
antioxidants might have no added benefit. To the best of our knowledge, the booroolong 
frog also has the longest-lived sperm of any anuran (Stoss and Refstie). In most frogs, 
sperm motility decreases rapidly just a few hours after activation (Browne et al. 2015), 
whereas booroolong frog sperm remain motile for several days (Stoss and Refstie). In 
the present study, approximately 56% of sperm were still motile at 6-hours post-
activation, indicating that sperm were not yet experiencing high levels of oxidative 
stress. Effects of beta-carotene on sperm motility and velocity might only become 
apparent at the point that performance starts to dramatically decline (8 to 10 hours; Silla 
et al. 2017).   
 To date, the effect of dietary carotenoids on sperm performance has been 
investigated in just four species (including booroolong frogs) and evidence for benefits 
remains equivocal. Similar to our findings, a study in convict cichlids found no benefit 
of diets supplemented with pure beta-carotene or a mix of xanthophyls (each tested at 
one dose, 0.6 g kg-1) on sperm motility. By contrast, a dose response study in goldfish 
found that high doses (150 g kg-1) of pure beta-carotene and astaxanthin improved 
sperm motility. Similarly, a study in great tits reported that a diet supplemented with a 
mix of lutein, zeaxanthin and beta-carotene (at an unstated dose) improved the 
percentage of motile sperm of males that were either tending larger broods, and under 
oxidative stress, or less colourful males that were presumably deficient in antioxidants 
(Helfenstein et al. 2010). Given that sperm performance is directly linked to fertilisation 
success in vertebrates (Rurangwa et al. 2004), the studies reporting benefits of 
carotenoid supplementation are of considerable interest because they indicate that 
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changes in diet could have immediate consequences for male fitness. On the other hand, 
studies that report no significant effect of dietary antioxidants are equally important 
because they draw attention to the potential for species-specific differences in 
antioxidant dependence. Differences could arise due to a diversity of environmental, life 
history and/or social factors that shape the way males invest in sperm production, and 
the risk of ROS-related sperm damage. For example, Sullivan et al. (2014) argued that 
the risk of oxidative damage to sperm will be greatest for promiscuous species with a 
high risk of sperm competition, and that monogamous species (such as convict cichlids) 
will have a lower need for sperm production and antioxidant protection. Among 
external fertilisers, relaxed selection for sperm production, and a reduced dependence 
on antioxidants, might also occur in species that have small clutch sizes (Emerson 
1997), or those that breed in environments where sperm limitation is not a problem, 
such as terrestrial environments (Byrne et al. 2002; Zamudio et al. 2016), or aquatic 
environments with low water turbulence (Liao et al. 2018). Ongoing carotenoid 
supplementation studies across a diversity of groups are now needed to provide 
important insights into the proximate mechanisms controlling sperm performance and 
the conditions that influence the vulnerability of vertebrate sperm to oxidative stress. 
 In conclusion, dietary carotenoids are thought to play a vital role in quenching 
ROS produced within the gonads, protecting sperm cells from oxidative damage and 
improving sperm motility and velocity. However evidence for benefits remains limited, 
which may be the outcome of studies failing to test for dose responses. In the present 
study we used a large dietary-manipulation experiment to explore the effect of various 
doses of the carotenoid beta-carotene on sperm performance in the booroolong frog. We 
found that there was no significant effect of carotenoid supplementation on percent 
sperm motility or velocity (VCL and VAP) at 0, 3 or 6 hours post-activation. These 
findings provide no evidence that beta-carotene acts as an antioxidant and improves 
sperm functioning. Carotenoids may have been preferentially invested in growth and 
development rather than in sperm performance. Alternatively, the rearing environment 
of the frogs may have slowed the rate of sperm production, and in turn, ROS 
production, reducing the requirement of dietary carotenoids. Finally, L. booroolongensis 
exhibit unusually low sperm velocity, which might limit ROS production and reduce 
dependence on exogenous antioxidants. At present, there remains limited evidence that 
beta-carotene and other carotenoids improve vertebrate sperm performance. Ongoing 
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research will be needed to determine the extent to which benefits of dietary carotenoids 
are species specific.  
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5 DOSE AND LIFE STAGE DEPENDANT EFFECTS 
OF DIETARY BETA-CAROTENE ON THE 





5.1 ABSTRACT  
 
Carotenoids are known for their antioxidant capacity and are predicted to play an 
important role in vertebrate growth and development, however, evidence for beneficial 
effects remains limited. One reason for this might be that very few studies have tested 
for dose effects across different life stages. The aim of this study was to investigate the 
effect of various doses of beta-carotene on the growth and development of larval and 
post-metamorphic booroolong frogs (L. booroolongensis). Dietary beta-carotene was 
provided at one of four concentrations: 0 mg g-1, 0.1 mg g-1, 1 mg g-1 and 10 mg g-1. 
Each treatment included 72 replicate individuals, and individuals remained on the same 
diet treatment over both life stages (spanning 53 experimental weeks). Our results show 
that larvae receiving an intermediate (1mg g-1) beta-carotene dose grew faster than 
unsupplemented larvae (0 mg g-1), and metamorphosed earlier. After metamorphosis, 
there was no effect of the lowest treatment dose (0.1 mg g-1) on growth and 
development. However, frogs fed the highest treatment dose (10 mg g-1) displayed 
significantly smaller body mass and lower body condition compared to all other 
treatment doses, after 4-months, and up until sexual maturity (7-months). These 
findings indicate that beta-carotene has positive effects on growth and development, but 
only at intermediate doses, and only in the larval life stage. This is the first study to 
demonstrate both dose and life stage dependent effects of beta-carotene on vertebrate 






5.2 INTRODUCTION  
 
Dietary carotenoids have long been known to play an important role in vertebrate 
functioning, with widespread evidence for impacts on various fitness-determining traits. 
Over the past three decades dietary-supplementation experiments have demonstrated 
beneficial effects of carotenoids on vertebrate coloration (Svensson and Wong 2011; 
Umbers et al. 2016), visual acuity (Knott et al. 2010; Toomey and McGraw 2011), 
immune function (Chew and Park 2004; Butler and McGraw 2012; McCartney et al. 
2014), neural function (Bovier et al. 2014), anti-predatory behaviour (Blount and 
Matheson 2006; Silla et al. 2016) and reproductive performance (Bertrand et al. 2006; 
Ogilvy et al. 2012). More recently, dietary-supplementation studies have begun to 
highlight the potential for carotenoids to improve vertebrate growth and development 
(Wang et al. 2006; Ogilvy and Preziosi 2012; Arulvasu et al. 2013; Deeming and Pike 
2013; Marri and Richner 2014).  
Dietary carotenoids might directly influence vertebrate growth and development 
by acting as powerful antioxidants. Rapid growth is associated with an increase in 
metabolic activity and oxygen consumption, accompanied by high free radical 
production and increased potential for oxidative stress (Ogilvy et al. 2012). By 
scavenging and quenching free radicals, carotenoids might enable more efficient cell 
division through reducing the oxidative damage caused to the body’s cells and tissues 
(Edge et al. 1997). In turn, an increase in somatic growth (and more rapid changes in 
body size) should facilitate more rapid progression through developmental stages (Marri 
and Richner 2014). Dietary carotenoids might also influence growth and development 
indirectly in a number of ways. First, by improving immune function and general 
health, dietary carotenoids might enable the increased allocation of essential resources 
such as proteins and carbohydrates to growth (Ogilvy and Preziosi 2012). Additionally, 
dietary carotenoids might also improve individual foraging performance, increasing 
growth and development rates. This might be because; 1) Individuals in better health 
condition have more time and energy to invest in foraging activities (Gegear et al. 
2006), or 2) carotenoids improve an individual’s foraging performance, either by 
improving exercise performance (Blount and Matheson 2006; Silla et al. 2016), neural 
processing speed (Bovier et al. 2014) or visual-mediated foraging behaviour (Toomey 
and McGraw 2011).  
 
90 
Despite sound theoretical reason to expect that carotenoids will support 
vertebrate growth and development, this role remains strongly debated because 
evidence for beneficial effects remains equivocal, both within and between taxa. In 
some species there are clear benefits of carotenoid supplementation (e.g. Torrissen 
1984; Christiansen and Torrissen 1996; Cucco et al. 2006; Ogilvy and Preziosi 2012; 
Arulvasu et al. 2013), while in others there are no detectable benefits (e.g. Řehulka 
2000; Amar et al. 2004; Wang et al. 2006; Byrne and Silla 2017). Furthermore, in some 
species it has been found that dietary carotenoids actually have negative effects on 
growth and development (Cothran et al. 2015). This interspecific variation might exist 
because species differ in their capacity to utilise carotenoids, reflecting different 
evolutionary histories in carotenoid consumption. For instance, because herbivores 
consume higher amounts of carotenoids than carnivores, they might have a greater 
physiological capacity to absorb and process these micronutrients (Olson and Owens 
1998; Tella et al. 2004). Critically, however, much of the interspecific variation 
reported in the literature might simply reflect the fact that very few studies have tested 
for dose-response relationships.  
Within species, the effect of dietary carotenoids on growth and development 
may shift depending on the quantities of carotenoids consumed. Based on optimization 
theory, we should expect that benefits will be restricted to a specific range of 
ecologically-relevant concentrations, with growth and development optimised at 
intermediate concentrations (Christiansen et al. 1995; Christiansen and Torrissen 1996). 
If carotenoids are provided at extremely low concentrations, effects on growth and 
development might be negligible, and any benefits might remain undetected. By 
contrast, providing carotenoids at extremely high concentrations may stunt growth and 
development. In principle, this could occur for two reasons. First, high concentrations 
could be toxic, and large amounts of energy might be required to detoxify and remove 
excess nutrients, limiting growth (Palozza et al. 1997; Cothran et al. 2015). Second, 
high concentrations could have pro-oxidant effects whereby excess carotenoids elicit an 
increase in oxidative stress, either directly by generating additional ROS (Stoss and 
Refstie 1983), or indirectly by suppressing the endogenous anti-oxidant system 
(Bouayed and Bohn 2010). Adding to this complexity is the possibility that optimal 
carotenoid concentrations differ between life stages. For most vertebrate species growth 
will be most rapid during juvenile life stages, so we should expect that benefits 
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associated with ROS scavenging will be most pronounced during early development. 
Surprisingly, however, past studies testing for effects of carotenoids on growth have 
largely ignored the potential for life stage effects, instead focussing on very narrow 
periods of either juvenile or adult development. Clearly, to advance our understanding 
of the effects of dietary carotenoids on vertebrate growth and development there is an 
urgent need for dietary supplementation studies that experimentally test the effect of 
specific carotenoid types across a range of doses, and across multiple life stages. 
 Anuran amphibians (frogs and toads) provide a model group for investigating 
carotenoid dose-response relationships across different life stages. Most anuran species 
have a biphasic life cycle with distinct juvenile and adult life stages, separated by a 
conspicuous period of metamorphosis (Wilbur and Collins 1973). At each life stage, 
individuals consume different types of food (in general larvae eat algae and adults eat 
invertebrates), creating life stage specific differences in carotenoid intake. Growth is 
usually several orders of magnitude faster during the larval life stage, and assuming that 
this is when ROS production is highest, this is the life stage when the antioxidant 
properties of carotenoids will be most beneficial. Of note, however, antioxidant 
properties may also be valuable during and immediately after metamorphosis. During 
this developmental phase, rapid cell division and morphological change can 
dramatically increase ROS production (Blount et al. 2000). Furthermore, in species with 
an aquatic larval stage, a pronounced spike in cellular oxygen concentration during the 
transition from aquatic to terrestrial life is expected to cause oxidative stress (Blount et 
al. 2000; Ogilvy et al. 2012).  
To date, the effect of dietary carotenoids on growth and development has been 
examined in six anuran species. As for other vertebrates, studies have mainly tested for 
effects at one dose or life stage, and findings have been inconsistent. While Cothran et 
al. (2015) reported that a carotenoid combination of astaxanthin and lutein reduced the 
rate of growth and development in larval wood frogs (Lithobates sylvaticus) and grey 
tree frogs (Hyla versicolour), Ogilvy et al. (2012) reported that a mixture of beta-
carotene and lutein expedited larval development and survivorship in western clawed 
frogs (Xenopus tropicalis). However, Ogilvy et al. (2012) also reported, that this 
carotenoid mix did not alter larval growth or survival, but did accelerate post-
metamorphic growth and improve female fecundity in red-eyed tree frogs (Agalychnis 
callidryas). Similarly, Dugas et al. (2013) reported that strawberry poison frog 
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(Oophaga pumilio) larvae fed on a carotenoid mixture (astaxanthin: beta-carotene: 
lutein: spirulina) more rapidly transitioned through metamorphosis. More recently, 
Byrne and Silla (2017) reported no effect of a broad-spectrum carotenoid supplement on 
larval growth and development in the southern corroboree frog (Pseudophryne 
corroboree). Despite these inconsistencies, the fact that benefits to growth and 
development have been reported for several anuran species from multiple families 
draws attention to the possibility that carotenoid-mediated growth benefits could be 
widespread in amphibians, justifying investigation of dose-response relationships and 
life stage effects. 
From an applied perspective, knowledge of carotenoid dose effects on 
amphibian growth and development may have considerable conservation value. 
Globally, captive breeding and reintroduction is now the recommended conservation 
action for threatened species, particularly amphibians which are declining faster than 
any other vertebrate class (Gascon et al. 2007). To date, however, the success of captive 
breeding programs has been limited, in part due to a lack of knowledge regarding 
amphibian nutritional requirements. Identifying whether specific doses of carotenoids 
improve anuran growth and development, and whether the importance of carotenoids 
varies between life stages, may help recovery teams more effectively generate sexually 
mature individuals needed to maintain viable captive insurance colonies. Furthermore, 
rapid generation of healthy animals could increase the number of individuals available 
for release, which is known to be an important predictor of reintroduction success 
(Tarszisz et al. 2014). 
The aims of the present study were to investigate the influence of the carotenoid 
beta-carotene on the growth and development of the critically endangered booroolong 
frog L. booroolongensis. The specific aim was to determine whether effects of beta-
carotene supplementation on growth and development are either dose or life stage 
dependent. We conducted a large carotenoid-supplementation experiment using 
multiple doses of beta-carotene. Growth and development parameters were measured 









The procedures outlined below were performed following evaluation and approval by 
the University of Wollongong’s Animal Ethics Committee (approval number AE 
14/21). 
 
 Experimental animals 
A total of 360 L. booroolongensis eggs (the same as those used in Chapter 4) were 
collected from a captive colony maintained at Taronga Zoo, Sydney, NSW, Australia. 
Eggs were obtained from four discrete egg clutches (each produced by separate male-
female pairs). Egg clutches were laid between 2nd January 2015 and 17th January 2015, 
and all eggs hatched within 3 days of oviposition. During egg deposition, water 
temperature ranged between 22.0 and 22.5°C. Within 1- 2 days of being laid, egg 
clutches were transported to the Ecological Research Centre at the University of 
Wollongong. Individual clutches were held in approximately 700-1000mL of carbon-
filtered water in plastic aquarium bags enriched with atmospheric oxygen. Hatchling 
tadpoles within each clutch were held communally in 20L aquaria (one clutch per 
aquaria) for a two-week period prior to being transferred to individual experimental 
containers. Immediately after tadpoles hatched, individuals were fed a basal diet of 
ground fish flake mixture (75:25 Sera Flora/ Sera Sans; SERA, Germany), ad libitum, 
every two days before the beginning of the experiment. A two-week acclimation period 
was imposed in order to ensure all tadpoles were feeding properly and were of similar 
size at the beginning of the experiment. All tadpoles were 9-15 days old post-hatching 
at the commencement of the experiment. 
 
 Experimental design 
To quantify the effect of dietary carotenoid supplementation on larval and post-
metamorphic survival, growth and development, individuals were reared on one of four 
dietary treatments, containing different concentrations of beta-carotene. Beta-carotene is 
a commercially available, powerful carotenoid compound that has been identified in the 
skin tissue of several anuran species (Brenes-Soto et al., 2017), and has also been 
identified in the skin of the booroolong frog (B. Tinning, 2016, pers. comm.). Beta-
carotene was supplemented at the following concentrations: 0 mg g-1 (control), 0.1 mg 
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g-1 (low), 1 mg g-1 (medium) and 10 mg g-1 (high). Each treatment included 72 replicate 
individuals (288 individuals in total) and individuals remained on the same diet 
treatment throughout both larval and post-metamorphic life stages. The experiment 
commenced on 19th January 2015 and the larval stage of the experiment was completed 
by 13th July 2015, when the last tadpole metamorphosed. The post-metamorphic stage 
of the experiment commenced when the first individual metamorphosed on 3rd March 
2015 and was completed by 26th January 2016, when the last frog reached 7-months of 
age post metamorphosis, and sex could be determined.  
 Animals (n= 288) were individually housed in plastic containers (10cm diameter 
and 10.5cm high) throughout both life stages (larval and post-metamorphic). Each 
experimental container was enclosed in a black plastic ring so that there was no visual 
contact between individuals. The experimental containers were held in sets of nine in 
plastic trays, which were positioned across three shelves in a constant temperature 
room. The experimental containers were aligned in rows of three, with each treatment 
group alternating between rows, in the following order; 0, 0.1, 1 and 10 mg g-1 (Fig. 9 
and Fig 10a). On day one of the experiment, tadpoles were assigned to treatments and 
shelf position, so that the four clutches were evenly positioned across the experimental 
room. The room was artificially illuminated on a 15:9 hour, day: night cycle (including 
twilight lighting for half an hour each cycle to simulate dawn and dusk). In addition to 
overhead room lighting, UV-B lights (Reptisum 10.0 UVB 3600 bulb; Pet Pacific, 
Australia) were suspended approximately 20cm above each container, providing 6.5 
hours per day of UV-B light (between 10am to 4:30pm). Ambient temperature in the 
room was maintained at 22 °C (range was 21.9°C to 23°C). These conditions were in 
accordance with L. booroolongensis husbandry procedures developed by Taronga Zoo. 
 
5.3.1 Larval survival, growth and development  
 
 Larval husbandry and nutrition 
During the larval life stage, containers were filled with 550mL of carbon-filtered water. 
Underneath each experimental container was lined with graph paper (to provide a scale 
for morphometric measurements), and a label with a code (to enable individual 
identification; Fig 10b). Water was changed four times per week (prior to feeding on 
feeding days), with a 50% water change to prevent water fouling. Water changes were 
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conducted using an automated irrigation system, connected to a carbon-filtered water 
supply. Additionally, excess food and excrement that was not completely cleared by the 
water changes was siphoned from each container once a fortnight using a disposable 
pipette (3mL). Ammonia, nitrate and pH levels in the water were monitored every 
fortnight from three randomly selected tubs per treatment (n=12) to ensure water quality 
was sufficient for tadpole growth, and didn’t significantly differ between treatment 
groups. Water quality was tested using a water testing kit (Aqua one, Australia). Over 
the duration of the experimental period, ammonia concentrations remained low (<0.50 
mg L-1), nitrate remained at 0 mg L-1, and pH remained at 7.4.  
 Tadpoles were fed one of the four experimental diets (0, 0.1, 1 and 10 mg g-1; 
Table 1). Each dietary treatment consisted of 990mg of ground fish flake mixture (75:25 
mixture of Sera Flora/ Sera Sans; SERA, Germany; see Appendix 3 for carotenoid 
composition) and a combination of beta-carotene (0, 0.1, 1 and 10 mg g-1; Chapter 4, 
Table 5) and cellulose microcrystalline powder (435236; Sigma-Aldrich, Castle Hill, 
NSW; Chapter 4, Table 5). Cellulose was used to ensure that each dietary treatment 
consisted of the exact same quantity of food, and the experimental diets were balanced. 
Cellulose is commonly used to create balanced designs in dietary studies because it has 
no nutritional value, is odourless, tasteless, and cannot be digested (Dias et al. 1998; 
Deng et al. 2006). Importantly, in a dietary study run in parallel to our main experiment, 
cellulose was found to have no effect on the survivorship, growth or development of L. 
booroolongensis larvae (Appendix 1). Experimental diets were pre-prepared by 
suspending 1000mg of food in 10mL of reverse osmosis water (RO water; Sartorius 
Stedim Biotech, Germany). Food suspensions were stored in 20mL syringes and frozen 
in opaque containers at -20°C until required. On feeding days, syringes were defrosted 
at room temperature, homogenised and administered in a drop-wise manner to ensure an 
even proportion of food was administered to each individual. Tadpoles were fed 2 drops 
of food suspension (wet mass: 0.0402-0.0462g; dry mass; 0.0184-0.0291g) for the first 
4-weeks of the experiment, and then three-drops (wet mass: 0.1363-0.1432g; dry mass; 
0.0415-0.0706g) for the remainder of the experiment (to support increased energetic 
demands). Tadpoles were fed treatment diets twice per week (Monday and Friday) for 





 Quantifying larval survival, growth and development 
To quantify tadpole survivorship, each individual was observed every second day and 
scored as alive or dead. To quantify tadpole growth, each individual was photographed 
once per fortnight using a Panasonic Lumix DMC-FT20 camera (Fig 10b). To ensure 
accurate photos, water volume in each experimental container was dropped to 100mL 
before taking the photo, and then immediately refilled to 550mL. The development of 
individual tadpoles was assessed every 2-days using Gosner staging tables. At the 
emergence of forelimbs (Gonser stages 43-46), the water volume in each experimental 
container was permanently dropped to 100mL. To facilitate metamorphosis, a piece of 
sponge (diameter 9cm) and a thin layer (<1cm) of aquarium stones was added to the 
bottom of each container, which was angled to allow metamorphosing frogs to climb 
from the water. The tadpoles were not fed during this developmental period as tail 
reabsorption met their nutritional needs. Tadpoles were checked daily, and once an 
individual had completely reabsorbed its tail, it was blotted with absorbent tissue 
(kimwipes), weighed and photographed next to a scale. The day of complete tail 
reabsorption was used to quantify time to metamorphosis. Images of tadpoles and 
metamorphs were used to quantify body length using image analysis software (ImageJ 
version 1.45s). For each tadpole, head and tail lengths were measured separately, and 
total tadpole length was calculated by summing these two measures. For each 
metamorph, snout vent length was measured. For each individual, two measurements 
were made to reduce measurement error. These measures were averaged. 
 
5.3.2 Post-metamorphic survival, growth and development  
 
 Post-metamorphic husbandry and nutrition 
At metamorphic climax (Gosner stage 46), individuals were moved from their larval 
housing into new juvenile containers (10.5cm H × 10cm D), which remained in original 
shelf positions. Adult containers consisted of a layer of aquarium gravel (approximately 
3cm thick), covered by three layers of moist sponge. These containers had a ring of 
small holes approximately 1.5cm about the base of the container, which allowed carbon 
filtered water to be flushed through each container four times weekly (approx. 700mL 
of water per flush). This schedule ensured that waste was removed and that sponge 
remained moist. Each container was covered with a plastic lid (with approximately 10 
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air holes) that prevented juveniles from escaping. Once animals reached four weeks post 
metamorphosis, the substrate was changed to aquarium gravel (approximately 5cm 
thick), and each container was supplied with a water dish and a plastic aquarium plant. 
In addition, the lid was replaced with netting to allow increased UV-B penetration. 
Containers continued to be flushed four times weekly (with approximately 700mL of 
carbon filter water), but once a month each container was also scrubbed and rinsed to 
ensure the complete removal of waste.  
 Post-metamorphosis, frogs were fed twice a week with wingless fruit flies 
(Drosophila melanogaster) reared on potato starch for the first four weeks, then 2-4 day 
old crickets (Acheta domestica) until they reached sexual maturity at 7-months of age. 
This feeding regime ensured that food was available ad libitum. Beta-carotene was 
supplemented by dusting the flies or crickets with 0, 0.1, 1 or 10 mg g-1 of beta-carotene 
powder. Diets were again balanced using cellulose to control the overall quantity of 
food frogs received. In addition, to ensure healthy bone growth all individuals received 
calcium supplementation by adding 200mg of calcium to each gram of treatment 
powder.  
 
 Quantifying post-metamorphic survival, growth and development 
To quantify adult survivorship, individuals were observed every second day and scored 
as alive or dead. To quantify adult growth rate, each individual was photographed and 
weighed every four weeks post metamorphosis. Frogs were removed from their 
experimental containers, blotted dry with absorbent tissue paper and weighed to the 
nearest 0.01g (Fig. 10c). Frogs were then photographed using a Panasonic Lumix DMC-
FT20 digital camera. The snout-vent length [measured from the tip of the nose (snout) 
to the bottom of the anus (vent)] was measured for each individual from digital images 
using image analysis software (Image J, version 1.45s). For each individual, two 
measurements were made in order to reduce measurement error. An index of body 
condition was calculated by taking the residuals of an ordinary least squares linear 
regression of body mass (g) against SVL (mm). Once the frogs reached sexual maturity 






Fig. 9 Schematic of the layout of the experimental room; each row represents a shelf in temperature control room (1-4). 
Shelf one consisted of the pilot study experimental animals and shelves 2, 3 & 4 consisted of animals in the final dietary 
experiment. Each box represents an individual tadpole/frog and letters A through D represent each clutch and their 





Fig. 10  a) the experimental setup in temperature control room at UOW; b) photograph 
of tadpole with graph paper to enable morphometric measurements and quantify growth 









 Statistical analyses 
The effect of treatment dose on: i) tadpole survival until metamorphosis (0-8 weeks post 
hatching), and ii) metamorph survival until sexual maturity (0-7 months post 
metamorphosis) was tested using two separate likelihood ratio chi-squared tests. Due to 
unexpected adverse events, 2 tadpoles and 6 metamorphs were excluded from each 
analysis because they died. Sex ratio data was analysed using a likelihood ratio chi-
squared test, whereby the proportion of males or females in the population were 
compared between treatment groups, once animals reached sexual maturity (7 months 
post metamorphosis; n=213). Linear mixed effects models fitted with restricted 
maximum likelihood (REML) were used to test the effect of treatment dose (0, 0.1, 1 
and 10 mg g-1) on: i) tadpole body length (measured from snout tip to tail tip) at 
experimental weeks 0, 2, 4, 6 and 8, ii) the body mass (g) and length (mm) of 
individuals at metamorphosis, and iii) the time taken (days) until metamorphosis. In 
each model the treatment dose was the fixed categorical effect and clutch number (1-4) 
was included as a random effect. Linear mixed effects models fitted with restricted 
maximum likelihood (REML) were also used to test the effect of treatment dose on 
metamorph snout vent length, metamorph mass, and metamorph body condition 
(calculated by taking the residuals of a regression of metamorph mass against length, 
each month for seven months post metamorphosis. In these models, treatment dose and 
individual sex (male or female) were the fixed categorical effects, and clutch number (1-
4) was a random effect. For all analyses we assumed there was no interaction between 
treatment group and clutch (preliminary analyses provided no evidence for interactive 
effects) and tested the null hypothesis that there was no difference among treatment 
groups in any clutch. To normalise data and stabilise variances, we log transformed all 
response variables before running LME models. For body condition analyses, mass and 
length data was log transformed prior to calculating residuals. For models that detected 
significant effects, differences between treatment levels were compared using post hoc 
Tukey HSD tests for multiple comparisons. All statistical analyses were performed 
using JMP
 
11.0 software package (SAS Institute Inc. North Carolina, USE). For all 








5.4.1 Larval survival, growth and development  
 
 Survival  
Overall, 90.9% (260 / 286) of tadpoles survived to metamorphosis, with high 
survivorship in all treatment doses (0, 0.1, 1 and 10 mg g-1; 90.3%, 93.1%, 90.0% and 
90.1% respectively). Differences in survival between treatment doses were not 
statistically significant (Chi2: Χ2 = 0.57, df = 3, P = 0.904).  
 
 Growth 
There was no significant effect of treatment dose on tadpole size (body length) at week 
0 (LME: F3,253 = 0.33, P = 0.804; Fig. 11). However, in each subsequent sampling week 
(weeks 2, 4 and 6) treatment dose had a highly significant effect on tadpole size (LME: 
week 2: F3,253.1 = 5.49, P = 0.001; week 4: F3,253 = 3.13, P = 0.026; week 6: F3,253 = 3.50, 
P = 0.026). Tadpoles receiving a dose of 1 mg g-1 consistently showed the largest body 
size, while tadpoles receiving a dose of 10 mg g-1 consistently showed the smallest body 
size (see Fig. 11). At week 2, tadpoles from treatment doses 0 and 1 mg g-1 were 
significantly larger than those from treatment dose 10 mg g-1 (Tukey’s HSD test: P = 
0.047 and P = 0.001, respectively). At week 4, tadpoles from treatment dose 1 mg g-1 
were significantly larger than those from treatment dose 10 mg g-1, (Tukey’s HSD test: 
P = 0.014), and at week 6, tadpoles from treatment dose 1 mg g-1 were significantly 
larger than those from treatment doses 0 and 10 mg g -1 (Tukey’s HSD test: P = 0.044 












Fig. 11 Effect of dietary beta-carotene supplementation (0, 0.1, 1 and 10 mg g-1) on 
tadpole body size (body and head length) over 8 experimental weeks in the booroolong 
frog (n = 260). Data presented are untransformed tadpole length means ± SEM. * denotes 





























 Time to metamorphosis  
The time tadpoles took to metamorphose was highly variable, ranging from 49 to 175 
days (mean ± sem = 81.06 ± 2.042 days), and there was a significant difference in time 
to metamorphosis among treatment doses (LME: F3,253 = 3.85, P = 0.010). Tadpoles 
receiving a dose of 1 mg g-1 metamorphosed 1-8 days faster than all other treatment 
doses (0, 0.1 and 10 mg g-1), and the difference in time to metamorphosis between 
tadpoles from treatment dose 0 mg g-1 and treatment dose 1 mg g-1 was significant 
(Tukey’s HSD test: P = 0.006; Fig. 12).  
 
 Body size at metamorphosis  
The average body length (SVL) of individuals at the time of metamorphosis was 13.98 
± 0.11 mm (range: 11.34 – 18.30 mm) and average body mass was 276.21 ± 5.92 mg 
(range: 190 – 160 mg). There was no significant difference among treatment doses (0, 
0.1, 1 and 10 mg g-1) in either body length or body mass at metamorphosis (LME: body 










Fig. 12 Effect of dietary beta-carotene supplementation (0, 0.1, 1 and 10 mg g-1) on time 
to metamorphosis in booroolong frogs (n = 260). Data presented are untransformed 
means ± SEM. Experimental treatments connected by the same letter are not 



































5.4.2 Post-metamorphic survival, growth and development  
 
 Survival  
Overall, 83.9% (213 / 254) of individuals survived from hatching through to adulthood 
(sexual maturity). There was high survivorship in all treatment doses (0, 0.1, 1 and 10 
mg g-1; 82.8%, 84.9%, 82.3% and 85.5 % respectively) and survivorship did not 
statistically differ between treatment groups (Chi2: Χ2 = 0.34, df = 3, P = 0.953).  
 
 Sex ratio 
Overall, there was a significantly higher percentage of males (84.0 %) than females 
(15.9 %) generated in the study (Chi2: Χ2 = 187.03, df = 3, P < 0.0001), resulting in a 
strongly male biased sex ratio (179 males: 34 females). There was no significant effect 
of treatment dose on the sex ratio of individuals (Chi2: Χ2 = 3.12, df = 3, P = 0.373).  
 
 Growth - Body mass 
There was no significant effect of treatment dose on adult body mass at months 0, 1, 2 
or 3 (LME: month 0: F3,205.2 = 0.26, P = 0.853; month 1: F3,205.6 = 0.29, P = 0.832; 
month 2: F3,205.1 = 0.89, P = 0.447; month 3: F3,205.1 = 0.97, P = 0.409). However, at 
months 4, 5, 6 and 7 there was a significant effect of treatment dose on post-
metamorphic body mass (LME: month 4: F3,205.1 = 4.09, P = 0.008; month 5: F3,205.1 = 
3.08, P = 0.029; month 6: F3,205.1 = 3.34, P = 0.020; month 7: F3,205.2.1 = 2.64, P = 
0.051). Individuals supplemented with 10 mg g-1 consistently exhibited a smaller body 
mass compared to frogs from all other treatment doses (0, 0.1 and 1 mg g-1; Fig. 13a). 
At month 4, frogs from treatment dose 1 mg g-1 were significantly smaller than those 
from treatment dose 0 mg g-1 (Tukey’s HSD test: P = 0.039). At month 5, frogs from 
treatment doses 1 and 10 mg g-1 were significantly smaller than those from treatment 
dose 0 mg g-1 (Tukey’s HSD test: P = 0.026 and P = 0.037 respectively) and at month 6, 
frogs from treatment dose 10 mg g-1 were significantly smaller than those from 
treatment dose 0 mg g-1 (Tukey’s HSD test: P = 0.025). 
 Sex did not have a significant effect on frog weight at months 0 to 6 (LME: 
month 0: F1,207.7 = 2.25, P = 0.135; month 1: F1,204.7 = 0.06, P = 0.816; month 2: F1,207.5 = 
0.52, P = 0.473; month 3: F1,206.7 = 0.58, P = 0.447; month 4: F3,208.8 = 0.32, P = 0.5709; 
month 5: F1,207 = 0.00, P = 0.997; month 6: F1,207.5 = 0.02, P = 0.880). However, at 
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month 7 there was a significant effect of sex on frog weight (LME: F1,207.8 = 6.26, P = 
0.0131), with females being significantly heavier than males. 
 
 Growth - Body length 
There was no significant difference in adult body length (mm) across treatment doses 
(0, 0.1, 1 and 10 mg g-1 beta-carotene) at any of the sampling periods (months 0 through 
7) (LME: month 0: F3,205.6  = 0.35, P = 0.790; month 1: F3,208.2 = 1.95, P = 0.123; month 
2: F3,205.2 = 1.28, P = 0.282; month 3: F3,205.2 = 2.54, P = 0.058; month 4: F3,205.1 = 0.21, 
P = 0.887; month 5: F3,205.3 = 0.25, P = 0.8604; month 6: F3,205.4 = 1.14, P = 0.3351; 
month 7: F3,205.3 = 0.63, P = 0.5964; Fig. 13b).  
 Sex did not have a significant effect on body length at months 0 to 6 (LME: 
month 0: F1,202.5 = 0.03, P = 0.866; month 1: F1,208 = 0.02, P = 0.988; month 2: F1,208 = 
1.63, P = 0.203; month 3: F1,207.8 = 0.94, P = 0.334; month 4: F1,207.3 = 1.68, P = 0.196; 
month 5: F1,208 = 0.22, P = 0.638; month 6: F1,207.1 = 0.35, P = 0.552). However, at 
month 7 there was a significant effect of sex on body length (LME: F1,207.6 = 4.42, P = 
0.037), with females being significantly longer than males (Tukey’s HSD test: P = 
0.037). 
 
 Growth - Body condition 
There was no significant effect of treatment dose on adult body condition at months 0, 
1, 2 or 3 (LME: month 0: F3,205.2 = 1.22, P = 0.304; month 1: F3,205.2 = 1.48, P = 0.220; 
month 2: F3,205.4 = 0.10, P = 0.959; month 3: F3,205.2 = 0.37, P = 0.774). However, in 
subsequent sampling periods (months 4, 5, 6 and 7), there was a significant effect of 
treatment dose on post-metamorphic body condition (LME: month 4: F3,205.2 = 5.63, P = 
0.001; month 5: F3,205.1 = 4.53, P = 0.004; month 6: F3,205.2 = 7.61, P < 0.0001; month 7: 
F3,205.3 = 3.02, P = 0.031). Frogs from treatment dose 1 and 10 mg g-1 exhibited lower 
body condition compared to frogs from treatment dose 0 mg g-1 at months 4 and 5 
(Tukey’s HSD test: month 4: P = 0.005 and P = 0.008 respectively), and lower body 
condition compared to treatment doses 0 mg g-1 (Tukey’s HSD test: P = 0.003 and P = 
0.002 respectively) and 0.1 mg g-1 (Tukey’s HSD test: P = 0.011 and P = 0.008 
respectively) at month 6. Frogs from treatment dose 1 mg g-1 exhibited significantly 




 Sex had a significant effect on body condition at month 0 (LME: F3,207.6 = 7.56, 
P = 0.007), whereby females were in better body condition than males. However, sex 
did not have a significant effect on body condition at months, 1, 2, 3, 4, 5, 6 and 7 
(LME: month 1: F1,208 = 0.03, P = 0.852; month 2: F1,207.3 = 0.19, P = 0.660; month 3: 
F1,207.9 = 0.01, P = 0.934; month 4: F1,207.7 = 3.53, P = 0.062; month 5:  F1,207.7 = 0.19, P 
























Fig. 13 Effect of dietary beta-carotene supplementation (0, 0.1, 1 and 10 mg 
g-1) on (a) adult body mass (g) and (b) adult snout-vent length over 7 















































untransformed body mass mean ± standard error mean (SEM). * denotes 





The influence of dietary carotenoids on vertebrate growth and development continues to 
be strongly debated because evidence for beneficial effects remains equivocal, both 
within and between taxa. One reason for this inconsistency might be that very few 
studies have tested for dose-response relationships or changes in effects across life 
stages. The aim of this study was to investigate the effect of varying doses of dietary 
beta-carotene on the survival, growth and development of larval and adult booroolong 
frogs. The results show that there was no effect of treatment dose on the percentage of 
individuals surviving to metamorphosis, or to sexual maturity. However, there was a 
significant effect of treatment dose on larval growth and development, whereby 
individuals supplemented with an intermediate- treatment dose (1 mg g-1) grew faster 
and metamorphosed significantly earlier than unsupplemented tadpoles. There was also 
an effect of dose on post-metamorphic growth, whereby individuals supplemented with 
a high treatment dose (10 mg g-1) exhibited slower growth (mass gain per month) than 
unsupplemented frogs 4-7 months post-metamorphosis. These findings provide 
evidence for a dose-response relationship and also indicate that the effects of beta-
carotene differ between life stages. 
Across all treatment doses, larval growth was exponential until tadpoles reached 
a body length of approximately 37 mm, at which point metamorphosis occurred. This 
developmental pattern indicates that L. booroolongensis has a minimum size threshold 
for metamorphosis. Supplementation with beta-carotene at an intermediate-treatment 
dose increased growth rate and enabled tadpoles to reach the size threshold for 
metamorphosis up to 8 days earlier. This result provides support for our hypothesis that 
optimal doses of dietary carotenoids can assist vertebrate growth and development by 
scavenging ROS and promoting cellular function (Agarwal et al. 2004). Of note, 
however, because we did not measure ROS levels, the possibility exists that beta-
carotene improved growth via other mechanisms. For instance, beta-carotene is known 
to be a precursor to Vitamin A, which can have positive effects on bone development, 
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immune function and visual-mediated foraging behaviour, all of which could improve 
growth rate (Ogilvy et al. 2012). As such, the exact mechanism underpinning our 
finding that an intermediate beta-carotene dose expedites growth and development 
remains unknown. To advance our understanding of how beta-carotene facilitates 
growth and development in booroolong frogs, a critical next step will be to determine 
whether changes in dietary beta-carotene levels cause changes in ROS levels, indicative 
of altered antioxidant activity.  
Our finding that larval growth and development was not improved at the low or 
high-treatment doses is important because it indicates that the effects of beta-carotene 
are dose dependent. A lack of any effect at the low-treatment dose may have resulted 
because beta-carotene was preferentially invested in other fitness-determining traits, 
such as immune function or exercise performance (sensu the carotenoid trade-off 
hypothesis; Lin et al. 2010). Alternatively, the concentration of beta-carotene used 
might simply have been too low to significantly alter cellular function and cause any 
significant change (Ogilvy et al. 2012; Byrne and Silla 2017). The lack of any 
beneficial effect at the high treatment dose might have several explanations. First, above 
a certain threshold concentration beta-carotene might begin to have toxic effects, 
resulting in energy being diverted away from growth and into detoxifying and 
eliminating excess beta-carotene. Such toxic effects of carotenoids have been reported 
in other species (Palozza et al. 1997; Cothran et al. 2015). Alternatively, high 
concentrations might have elicited a mild pro-oxidant effect. Research with cell models 
has suggested that relatively high doses of beta-carotene can induce an overproduction 
of ROS due to either: i) autooxidation of carotenoid metabolites, ii) changes in the 
activity of cytochrome P450 enzymes, and/or iii) alterations to endogenous antioxidant 
defences (Palozza et al. 2003). If high concentrations of beta-carotene have a similar 
prooxidant effect in booroolong frogs, oxidative damage to cell structures could have 
slowed somatic growth, resulting in an overall reduction in developmental rate.  
Interestingly, dose dependent effects were also evident post metamorphosis. At 
the low treatment dose (0.1 mg g-1) there was no effect on post-metamorphic growth 
and development, but at both the intermediate (1 mg g-1) and high (10 mg g-1) treatment 
doses there was evidence for negative growth effects. Although there was no change in 
body length, there was significantly reduced body mass and body condition, indicating 
that post-metamorphic frogs supplemented with intermediate to high doses of beta-
 
111 
carotene had reduced energy and protein reserves and were relatively unhealthy (Ferrie 
et al. 2014). As for larvae, negative effects of high beta-carotene doses may have 
resulted from beta-carotene either having a toxic effect or causing pro-oxidant activity, 
with these effects being more pronounced in post metamorphic animals. Irrespective of 
the exact cause, our finding that the effect of beta-carotene dose differed in larval versus 
post-metamorphic animals supports our second hypothesis that the effects of dietary 
beta-carotene will be life- stage dependent. The most likely reason for this difference is 
that individuals produce much higher levels of ROS as larvae than as frogs due to 
significantly faster rates of somatic growth prior to metamorphosis, making the 
protective antioxidant capacity of beta-carotene more important during early life. In 
support of this argument, the average percent weight gain of tadpoles per week was 
more than double that of post-metamorphic individuals. In principle, ROS production in 
tadpoles is also likely to have increased exponentially as larvae approached 
metamorphic climax because this is a developmental period that requires extremely high 
metabolic activity (Pough and Kamel 1984). Again, tracking changes in ROS 
production during development will be needed to provide key insights into mechanisms 
underpinning the antioxidant role of different beta-carotene doses across booroolong 
frog life stages. 
One unexpected finding from our study was a heavy skew in the sex ratio, with 
more than 84% of frogs classified as male. Such extreme sex ratio biases are uncommon 
in amphibians, but when they occur they are indicative of environmental sex 
determination, as opposed to genetic sex determination. In amphibians environmental 
sex determination has been linked to one of two factors; temperature and endocrine 
disrupting chemicals (EDCs) (Nakamura 2009). In regard to temperature, there is some 
evidence that warmer temperatures cause male biased sex ratios in frogs. For example, 
in Bufo vulgaris, a rearing temp of 10 degrees results in 100% of animals being female, 
while a rearing temp of 27 degrees results in 100% masculinisation (Piquet 1930). We 
reared frogs at a relatively warm temperature (temp ranged from 21.9 °C to 23 °C), so it 
is possible that TSD drove the observed male bias. However, EDCs may also have 
contributed because we reared animals in filtered tap water (faucet water). In Australia, 
tap water varies in sodium chloride (NaCl) levels, and recent research has shown that 
increasing levels of NaCl can have a masculinising effect on frogs (presumably 
resulting from sodium binding to cell receptors and mimicking testosterone; Lambert et 
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al. 2016). Tap water in Australia is also treated with fluoride, which is known to act as 
an endocrine disrupting chemical in fish (Jianjie et al. 2016). Regardless of the 
explanation, sex was factored into all of our analyses and was only found to have an 
effect on post-metamorphic mass and length at the final month of sampling (month 7), 
whereby females were larger than males. It is important to recognise, however, that the 
low numbers of females produced meant we had limited power to detect sex effects. 
Moreover, in other amphibian species, it has been shown that the effects of carotenoids 
can be sex-specific. For example, supplemented female red-eyed tree frogs exhibited 
faster growth rates compared to supplemented males, which authors suggest may be 
linked to carotenoid investment in fecundity (Ogilvy et al. 2012). Based on this 
knowledge, the full extent of beta-carotene dose on adult booroolong frog growth and 
development will remain unknown until experiments can be performed under conditions 
that generate more even sex ratios. 
Despite the need for ongoing work, our findings potentially have important 
conservation implications. Booroolong frogs are listed as critically endangered, and 
captive breeding and reintroduction are important recovery actions for this species. 
Supplying captive booroolong frogs with dietary beta-carotene has the potential to 
support these actions in a number of ways. First, the capacity to more quickly generate 
large number of individuals might help managers to maintain colonies at optimal sizes 
and avoid issues associated with natural attrition and inbreeding. Second, more rapid 
generation of frogs could increase the number of individuals available for release, which 
could improve reintroduction success by overcoming issues linked to demographic 
stochasticity or low individual fitness at in small population sizes (i.e. the Allee effect; 
Fischer and Lindenmayer 2000; Armstrong and Seddon 2008). Such improvements to 
captive breeding protocols could reduce the costs of recovery programs and make them 
more financially viable, and sustainable (Tarszisz et al. 2014). Given that captive 
breeding has become a standard recovery action for threatened amphibian species 
globally, dietary supplementation of beta-carotene (and other carotenoids) could 
potentially benefit conservation programs for various threatened species. At present, 
however, it remains uncertain whether benefits to frogs are likely to be widespread. The 
effect of dietary carotenoids on amphibian growth and development has only been 
investigated in seven anuran species (including L. booroolongensis), and findings have 
been equivocal (Ogilvy and Preziosi 2012; Ogilvy et al. 2012; Dugas et al. 2013a; 
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Cothran et al. 2015; Byrne and Silla 2017). The type and dose of dietary carotenoids 
supplied as well as the duration of supplementation and the life stage studied has varied 
considerably in past studies and variation means it is premature to draw conclusions 
about the value of supplementing amphibian diets with carotenoids. With the goal of 
evaluating whether dietary carotenoids should be incorporated into amphibian captive 
breeding programs worldwide, we encourage ongoing research focused on investigating 
carotenoid dose and life stage effects across a diversity of model and threatened species. 
More broadly, our results add to the very small but growing body of evidence 
that dietary carotenoids improve vertebrate growth and development. Carotenoids have 
been shown to influence growth and development in fish and birds, however, most 
studies have examined no more than two doses, or have used a mixture of carotenoid 
compounds, or carotenoid derived substances, such as spirulina, shrimp head meal, and 
marigold petal meal (Boonyaratpalin and Unprasert 1989; James et al. 2006; Sinha and 
Asimi 2007; Ezhil et al. 2008; Güroy et al. 2012; Arulvasu et al. 2013). Without testing 
the effects of pure carotenoid compound in isolation, and at three or more doses, it is 
impossible to attribute beneficial effects to specific carotenoids, and identify optimal 
doses, or ranges of doses.  To the best of our knowledge, our study is the first to 
demonstrate dose-dependent and life stage-dependent effects of beta-carotene on 
vertebrate growth and development. Considering the effect of carotenoids more broadly, 
only two studies (both in Atlantic Salmon) have tested the effects of individual 
carotenoid compounds on growth and development at more than two doses. 
Christiansen et al. (1995) investigated the effects of eleven treatment diets containing 
different levels of astaxanthin (ranging from 0 to 317 mg kg-1) on the growth rates of 
salmon fry over an eleven week period and reported that individuals fed doses above 5.3 
mg kg-1 exhibited improved growth rate and survivability compared to fry fed doses 
below 1.0 mg kg-1 (Christiansen et al. 1995). In a follow up study investigating the 
effects of different levels of astaxanthin over a 10 week period on a subset of juvenile 
fish from the earlier experiment (those previously fed astaxanthin concentrations above 
the optimal level), it was found that individuals fed high treatment doses (36 and 190 
mg kg-1) exhibited significantly higher growth and survivorship compared to those fed 
either a low treatment dose (5.5 mg kg-1) or no dietary astaxanthin (unsupplemented 
fish; Christiansen and Torrissen 1996). Taken together, these studies not only provide 
evidence for carotenoid dose responses, but also indicate that growth responses change 
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between developmental periods (i.e. juvenile fish required a higher dose of astaxanthin 
to exhibit enhanced growth and survivorship), suggestive of life stage effects. In most 
vertebrates, growth rates will differ significantly between juvenile and adult life stages. 
As such, we predict that consideration of the effects of different doses of carotenoids 
across different life stages will reveal that dietary carotenoid supplementation has more 
widespread and profound effects on vertebrate growth and development than currently 
realised.  
In conclusion, studies have shown that vertebrate fitness may benefit from the 
dietary supplementation of carotenoids, but evidence for positive effects on growth and 
development are limited. In part, this might be because few studies have tested for dose-
response relationships at different life stages. In the present study we used a large 
dietary supplementation experiment to investigate the effect of beta-carotene dose on 
pre and post metamorphic growth and development of the critically endangered 
booroolong frog. We found that beta-carotene dose had no effect on the body size at 
which individuals metamorphosed, but that larvae receiving an intermediate dose grew 
faster than unsupplemented larvae in the final weeks before metamorphosis, and 
metamorphosed up to eight days earlier. The most likely explanation for this result is 
that intermediate doses of beta-carotene act as antioxidants and support somatic growth. 
After metamorphosis, there was no effect of the lowest treatment dose (0.1 mg g-1) on 
growth and development. However, frogs fed the highest treatment dose (10 mg g-1) 
displayed significantly smaller body mass and lower body condition after 4 months, and 
up until sexual maturity (7 months), indicating that high doses may be toxic or have 
pro-oxidative effects. These findings provide evidence for dose-response relationships 
as well as life stage effects and underscore the need for future research to consider such 
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6.1 RESEARCH FRAMEWORK  
 
Global rates of amphibian decline are unprecedented and CBPs are now essential to 
help mitigate these declines (Clulow et al. 2014). Despite rapid advances in the field of 
amphibian conservation, there remains a lack of knowledge regarding protocols to 
maximise the reproductive output of captive frogs.  
 In this thesis, I aimed to investigate ways to optimise the quality of sperm, both 
in vitro and in vivo, to enhance AF protocols for endangered anurans targeted for CBPs. 
I used the booroolong frog, L. booroolongensis, as my research model for a number of 
reasons. Within the Litoria genus, currently 15% of described species are threatened 
with extinction (IUCN 2017) and L. booroolongensis is currently listed as critically 
endangered (IUCN 2017). The booroolong frog is an important target group for ex situ 
conservation strategies and in 2008, under the recommendation of the NSW Department 
of Environment and Heritage (OEH), a number of adult male and female individuals 
were collected and transported to Taronga Zoo to establish a CBP.   
 A series of manipulative laboratory experiments have been presented in this 
thesis that have explored whether sperm quality can be improved prior to AF. 
Specifically I investigated: i) the effect of in vitro supplementation of the antibiotic 
gentamicin at various concentrations on bacterial abundance and sperm longevity during 
chilled storage (chapter 2), ii) the effect of in vitro supplementation of antioxidants, 
vitamin C and vitamin E at various concentrations on sperm motility activation (chapter 
3), iii) the dose-dependant effect of dietary carotenoid beta-carotene on sperm 
performance at 0, 3 and 6 hours post-activation (chapter 4), and iv) the influence of 
dietary carotenoid beta-carotene at various doses on growth and development across 
both juvenile and adult life stages (chapter 5). In each chapter, I discuss the findings, 





6.2 ADVANCES IN MANAGEMENT OF SPERM QUALITY IN VITRO 
 
Poor sperm recovery post chilled storage can occur because of either: i) suboptimal 
storage conditions as the sperm are kept in a suspended, immotile state, or ii) because 
the process of activating sperm motility after storage has caused stress to the sperm 
cells, reducing the percentage of sperm that are motile and their sperm-motility duration 
(Lahnsteiner and Mansour 2010; Browne et al. 2015). Optimising both sperm storage 
and activation conditions is pivotal in maintaining sperm quality (sperm motility and 
velocity), at levels that are high enough to permit fertilisation (Ball and Parker 1996; 
Stockley et al. 1997; Browne et al. 2015). With the field of amphibian ART still in its 
infancy, and a general lack of information regarding relationships between sperm 
storage and sperm quality in anurans, I carried out a series of manipulative laboratory 
experiments to investigate the effect of antibiotic supplementation on sperm longevity 
during storage and the effect of antioxidants on sperm motility activation post-storage in 
the booroolong frog.  
 
6.2.1 Sperm storage  
 
Across aquaculture studies, there is evidence to suggest that bacterial contamination in 
stored sperm samples can degrade spermatozoa and reduce sperm quality (Stoss 1978; 
Saad et al. 1988). With the objective of exploring the influence of bacteria on sperm 
performance, I investigated the effect of supplementing the storage medium with the 
antibiotic gentamicin at various doses on the recovery of sperm motility and on the 
bacterial abundance in samples during short-term storage. I examined these effects in 
both testis macerate and spermic urine samples, which were predicted to exhibit a 
different bacterial load, given that the source of bacterial contamination is different (A. 
J. Silla, E. Love and P. G. Byrne, unpublished data). I found that sperm samples 
obtained via testis maceration exhibited no difference in sperm motility when treated 
with 0, 1 or 2 mg mL-1 of gentamicin. Similarly, in spermic urine samples there was no 
effect of antibiotic supplementation on sperm motility at any of the doses tested. This 
result was unexpected given that previous research in fish have provided evidence that 
antibiotic supplementation can improve sperm viability during chilled storage (Saad et 
al. 1988; Christensen and Tiersch 1996; Segovia et al. 2000; Niksirat et al. 2011). The 
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most likely explanations for this finding is that bacterial abundance remained below the 
threshold required (≥1: 1 ratio of sperm: bacteria) to exert a detrimental effect on 
spermatozoa (Auroux et al. 1991; Yaniz et al. 2010). An alternative reason is that 
during storage the oxygen supplies of the samples were regularly restored, and as a 
consequence, bacteria were not competing with sperm for this resource, and sperm 
quality was not adversely altered. However, I did find that in both testis macerate and 
spermic urine samples, gentamicin administered at intermediate to high doses (2, 3 & 4 
mg mL-1) eliminated, or significantly reduced bacterial abundance, which has the 
potential to inhibit the transfer of bacteria between samples and institutions conducting 
AF.  
 To date, only two published studies (excluding this one) have quantified the 
effect of antibiotic treatment on sperm longevity in anurans, and both have reported that 
supplementation negatively impacted sperm viability (Germano et al. 2013; Silla et al. 
2015). Importantly, the present study is the first to demonstrate that antibiotic treatment 
can reduce bacterial abundance without compromising sperm motility in any anuran, 
which is most likely because I compared multiple doses of supplementation (high doses 
were detrimental to sperm longevity). It is also the first to compare the bacterial 
abundance in sperm samples generated as both spermic urine and by testis maceration, 
and quantify changes in bacterial abundance over time.  
Although this study did not make any advances in the optimisation of sperm 
quality during storage, the finding that gentamicin at intermediate doses effectively 
inhibited bacterial abundance without compromising sperm performance has important 
implications for booroolong frog captive breeding and AF. With the transportation of 
sperm samples between captive institutions for biobanking and AF becoming 
increasingly encouraged (Kouba and Vance 2009), the presence of microorganisms in 
gamete samples represents a potential risk for the transfer of disease (Segovia et al. 
2000). Although this is a recognised problem in livestock and fish sperm transfer, which 
is mitigated by the routine supplementation of antibiotics to samples, there is yet to be 
an established biosecurity protocol for the transportation of amphibian sperm. This 
study demonstrates that a non-spermicidal dose of antibiotics can inhibit bacteria, and 





6.2.2 Sperm motility activation 
 
In external fertilisers, the percentage of motile sperm and the duration that sperm remain 
motile has been strongly linked to AF success (Browne et al. 2015). Once activated, 
motile sperm generate high levels of ROS that can quickly accumulate and impair 
motility (Verma and Kanwar 1998). It has been suggested that the addition of 
antioxidants to the sperm suspension in ruminants and boar may reduce oxidative stress 
during the activation process, and enhance sperm motility post-storage (Berlinguer et 
al., 2003; Gadea et al., 2005; Fernández-Santos et al., 2009; Domínguez-Rebolledo et 
al., 2010). Despite this knowledge, there remains limited research on this topic. 
Research undertaken for this thesis represents the first attempt to improve post-storage 
motility activation using antioxidant compounds in any externally fertilising vertebrate.  
 I investigated the effect of vitamin C and vitamin E on sperm motility duration 
in sexually mature frogs. Unexpectedly, Vitamin C (at all doses tested) was detrimental 
to sperm performance. Although the cause of this negative effect was unclear, this 
finding could provide evidence for a pro-oxidative effect of vitamin C, which has been 
reported in other vertebrates. In theory, vitamin C at suboptimal levels can switch from 
delivering antioxidant to pro-oxidant activity where it ceases to work as a free radical 
scavenger and instead becomes metabolically damaging (Naidu 2003). This effect of 
vitamin C on sperm quality has been reported in human (Verma and Kanwar 1998), 
rodent (Ottolenghi 1959; Barber 1966), fish (Lahnsteiner and Mansour 2010; 
Lahnsteiner et al. 2010) and now in anurans. Further investigation of this effect in other 
anuran species is needed to determine if this effect is widespread, and elucidate whether 
or not vitamin C is a viable treatment option.  
 I found that vitamin E (at any of the tested doses) had no effect on sperm 
motility or velocity duration post-activation. Taken with results reported in Chapter 4, 
which suggested no effect of dietary antioxidant supplementation on sperm 
performance, this result could indicate that sperm from the booroolong frog are 
characterised by either a low production of ROS, or exhibit an unusually high 
endogenous antioxidant capacity. This may result in no benefit of exogenous 
antioxidant supplementation in vivo or in vitro on sperm quality in this species. 
Booroolong frog sperm exhibit relatively slower velocity compared to other anuran 
species (Dziminski et al. 2010; Browne et al. 2015) and may therefore have lower 
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metabolic activity, resulting in a reduced production of ROS. To the best of my 
knowledge, the booroolong frog has the longest-lived sperm of any anuran (Silla et al. 
2017), and selective pressures may have favoured sperm that have increased longevity, 
at the expense of high velocity. An alternative argument may be that booroolong frog 
sperm possess a high endogenous antioxidant capacity, and that this species extreme 
sperm longevity may be the result of a higher than normal antioxidant capacity, 
allowing sperm to resist ROS-induced damage and remain motile for prolonged periods. 
Investigation of in vitro and dietary antioxidant supplementation across anuran species 




6.3 ADVANCES IN MANIPULATING DIET FOR ENHANCED SPERM 
 QUALITY AND ANIMAL GROWTH  
 
6.3.1 Dietary carotenoids and sperm performance  
 
The quality of sperm produced by males prior to storage is expected to influence post-
storage recovery and fertilisation capacity (Rurangwa et al. 2004). In vertebrates, sperm 
performance can be greatly affected by nutrition and it is reasonable to expect that 
dietary manipulation will have significant impacts on the fertilisation success of captive 
amphibians. Dietary carotenoids, through their ability to quench ROS within the cells, 
are known to improve various fitness determining traits in vertebrates. Recently it has 
been considered that carotenoids might help to prevent oxidative stress within the testes, 
primarily due to their known capacity as pre-cursors for vitamin A, a vital nutrient in 
sperm cell function (Von Lintig and Vogt 2004). Despite reasoning that dietary 
carotenoids should improve vertebrate sperm quality, only three studies to date have 
explored these effects on sperm performance measures such as motility and velocity. 
Across studies, results were equivocal and prompted investigation into the effect of 
carotenoid consumption and sperm performance in anurans.  
To explore this possibility, I undertook a large-scale dietary manipulation study 
in which frogs were individually reared and provided with different doses of beta-
carotene from larvae, through metamorphosis, to sexual maturity. Sperm motility and 
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velocity was assessed using CASA to determine if sperm quality differed amongst these 
treatment doses. I found no significant effect of supplementation on sperm motility or 
velocity at 0, 3 or 6 hours post-activation. These findings provided no evidence that 
beta-carotene can act as an antioxidant to improve sperm functioning, despite evidence 
for such effects in goldfish (pure beta-carotene improved sperm motility; Tizkar et al. 
2015) and the great tit (a carotenoid mixture containing beta-carotene improved sperm 
motility; Helfenstein et al. 2010).  
One possible explanation for why beta-carotene did not improve sperm 
performance in the booroolong frog might be that carotenoids were preferentially 
invested in larval growth and development (as demonstrated in chapter 5), rather than in 
sperm quality. More likely it was hypothesised that the rearing environment of the frogs 
may have slowed the rate of sperm production, and in turn ROS production, reducing the 
requirement of dietary carotenoids. The frogs were maintained at a consistent 
temperature regime and in social isolation, which may have prevented the environmental 
triggers required to regulate hormonal changes in the spermatogenetic cycle. 
Alternatively as mentioned above, L. booroolongensis exhibit unusually low sperm 
velocity, which might limit ROS production and reduce dependence on dietary 
antioxidants.  
To date, this study is the first to assess sperm performance parameters in 
response to dietary antioxidant treatment in any amphibian, and is the largest of its kind 
in any vertebrate (43-47 replicate individuals in each of the four treatments applied over 
53 weeks). Despite this, results did not provide any evidence of beneficial effects of 
carotenoid supplementation on sperm quality in anurans.  
 
6.3.2 Dietary carotenoids and growth and development   
 
The large manipulative dietary study used to investigate the effects of carotenoids on 
sperm performance (chapter 4) also afforded the opportunity for me to investigate the 
effect of supplementation on growth and development during both larval and post 
metamorphic life stages. The study investigated the dose-dependant effect of dietary 
beta-carotene on the growth and development of both larval and post-metamorphic 
frogs. The predictions for the study were that dietary carotenoids would allow frogs at 
both life stages to grow and develop at a faster rate. Previous studies in other vertebrates 
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have shown that male body size is linked to increased mating success (Wilbur et al. 
1978; Schuett 1997; Shine et al. 2000), timing of reproduction (Wiegmann et al. 1997), 
testis size (Verrell and Francillon 1986) and offspring fitness (Reynolds and Gross 
1992). Therefore, enhancing growth rate and mass of frogs early in development may 
give males an added fertility advantage later in life. 
 I found evidence for an optimal treatment dose on larval growth and 
development. Larvae that received an intermediate beta-carotene dose grew at a faster 
rate than unsupplemented larvae in the final weeks before metamorphosis, and 
metamorphosed significantly quicker. The most likely explanation for this result is that 
beta-carotene functions as an antioxidant and supports somatic growth. I also found a 
dose-effect of beta-carotene on post-metamorphic growth, whereby individuals 
supplemented with a high treatment dose exhibited slower growth (mass gain per 
month) than unsupplemented frogs 4-7 months post-metamorphosis. This finding 
indicates that the high dose may be toxic or have pro-oxidative effects. Although I did 
not find evidence of improved juvenile growth, which could potentially provide a size-
advantage at sexual maturity, I did find evidence for dose-response relationships. This 
study adds to the very small but growing body of evidence that dietary carotenoids can 
improve vertebrate growth and development, with beneficial effects documented in 
fishes (Torrissen 1984; Christiansen et al. 1995; James et al. 2006; Güroy et al. 2012), 
birds (Cucco et al. 2006), and three frog species (Ogilvy and Preziosi 2012; Ogilvy et 
al. 2012; Dugas et al. 2013b). However, this study is the first to show that beta-carotene 
has a dose and life stage effect on growth and development in any vertebrate. This 
discovery demonstrates that a micronutrient found in the diets of most vertebrates could 
play a critical role in regulating growth, a key fitness-determining trait. It also draws 
attention to the possibility that beneficial effects may be widespread, yet have remained 
largely undetected due to tests being run at inappropriate doses or life stages.  
 My findings in this chapter also have important conservation implications for the 
booroolong frog. Captive breeding and reintroduction is a key recovery action for this 
critically endangered species. These findings offer a potential protocol to enhance the 
captive breeding and reintroduction of booroolong frogs and other endangered 
amphibians. The capacity to quickly generate a large number of individuals can help to 
manage frogs in captivity (i.e. avoid inbreeding, associated with small population sizes) 
and also increase the number of individuals available for release.  This can reduce the 
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6.4 FUTURE RESEARCH PRIORITIES 
 
Increasing the generation of offspring in captivity remains a major priority action for 
global amphibian CBPs. Enhancing sperm quality can improve natural and artificial 
fertilisation success, essential for generating large numbers of individuals for 
reintroduction. As highlighted in this thesis, more research is required to determine 
optimal conditions to enhance sperm quality across species. With respect to storage of 
sperm samples in vitro, future research would benefit from investigating the amount of 
ROS produced during storage, and post motility activation of sperm in both spermic 
urine and testis macerate samples. This would need to be conducted on a range of model 
species across multiple genera to determine if the quantity of ROS production is species 
specific. Additionally, lipid-peroxidation tests should be conducted to determine if there 
is a threshold amount of ROS being produced before it causes damage and death to 
sperm cells. It would be beneficial to use these tests to determine the effects of ROS 
levels on activated samples as well as samples kept inactivated during chilled storage. 
This would help us to identify thresholds, and determine whether ROS levels are 
consistent across species and sperm collection techniques (i.e. spermic urine and testis 
maceration). Information on how quickly ROS can generate in activated sperm samples, 
and to what levels sperm can tolerate ROS post-activation in anurans could have 
implications for how long they remain viable. We currently have no knowledge of this 
in any amphibian.  
 It is also important to characterise the endogenous antioxidant system of the 
testes across multiple frog species using biochemical assays. There is very little known 
about this system in frogs and subsequent information might help to identify exogenous 
antioxidants to best support activated sperm integrity and enhance sperm motility. 
Supplementing stored sperm samples with the right antioxidant compound may help 
extend the limited storage time seen across several amphibian species; though again, 
this has yet to be investigated. This research has already been conducted in fishes, with 
uric acid found in high concentrations in the seminal plasma of several teleost fish 
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species. Uric acid is one of only a few exogenous antioxidants known to positively 
affect sperm motility and membrane integrity in this taxonomic group (Lahnsteiner and 
Mansour 2010).  With this knowledge, we could potentially improve the length of time 
sperm can stay in short-term storage prior to AF or biobanking, and maximise their 
motility once activated, in a very inexpensive and easily applicable way.  
 Despite rapid advances in the field of amphibian captive breeding, there remains 
a lack of knowledge regarding the nutritional requirements of captive frogs. Future 
research is required to determine the extent to which nutrition can be manipulated to 
improve individual fitness and population viability. Despite evidence of carotenoid 
supplementation positively influencing sperm performance in avian and fish species, 
these benefits were not observed in the booroolong frog. However, with my study being 
the first in any anuran, further investigation in other species is warranted. As mentioned 
above, it may first be important to determine what carotenoid compounds are 
sequestered and utilised in the testes using biochemical assays. Determining this in 
multiple anuran species could give an indication of which exogenous dietary 
carotenoids are more important for sperm function and performance.  
 Dietary carotenoids could have profound effects on various fitness determining 
traits in amphibians, with my study providing evidence of beta-carotene positively 
influencing the growth and development of larval booroolong frogs. However, this 
effect changed between life stages, so further studies could examine whether different 
carotenoid compounds have similar positive effects on adult growth and development, 
and whether the strength of these effects is species specific.  My thesis provides a 
framework for exploring the phenomenon of a carotenoid trade-off in anurans, whereby 
beta-carotene may be preferentially invested in growth and development over sperm 
performance. Benefits would come from dietary manipulation experiments in additional 
species to determine the relative effects of carotenoids on a spectrum of traits, including 
growth and development, exercise performance, colouration, visual acuity, neural 
function and/or reproductive performance. It is possible that the effects of different 
doses of carotenoids on different traits will vary considerably. This knowledge could 
help managers to decide the value of dietary supplementation in CBPs.  
 Extending from this, further research would benefit from examining how beta-
carotene and other dietary carotenoids impact individual fitness and their reintroduction 
success. Carotenoid supplementation has already been shown to positively influence 
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skin bacteria, anti-predator behaviour and female body size in a number of amphibians, 
and their effects on other fitness-determining traits may be more widespread than 
currently recognised. With the ultimate goal of most CBPs being the successful release 
of animals leading to the establishment of self-sustaining populations, husbandry 






Anuran amphibians are declining faster than any other vertebrate group. Although 
captive breeding is now a common approach to aid in the recovery of threatened species 
globally, breeding rates have in many cases been too low to provide large numbers of 
individuals for release. The development and implementation of ART is addressing this 
problem by allowing the quick generation of individuals, and aiding the genetic 
management of captive populations. Sperm quality is arguably one of the most 
important factors leading to successful AF and can be transported between facilities for 
the purpose of enhancing genetic viability or for biobanking. Collectively, the chapters 
in my thesis have investigated the potential for enhancing sperm quality in the 
booroolong frog through exploring optimal in vitro storage conditions. Minimising or 
eliminating the bacterial abundance present in stored sperm samples provides a 
biosecurity protocol for captive institutions conducting AF and biobanking, and my 
thesis provides the first protocol for this in an anuran. Furthermore, although there were 
no beneficial effects found in enhancing sperm activation, this thesis highlights the need 
to quantify ROS production and characterise the endogenous antioxidant compounds in 
anuran testes, which could potentially reveal exogenous antioxidant compounds that 
could enhance the storage and activation of anuran sperm.  
 While there is a general lack of knowledge regarding amphibian nutritional 
requirements, the findings of my thesis highlight the value of using dietary manipulation 
to improve fitness determining traits in an amphibian. Although I did not provide 
evidence of improved sperm performance following carotenoid supplementation, I did 
find positive effects on the growth and development of larval booroolong frogs. This 
finding not only provides a framework for further research efforts exploring the effect 
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of carotenoid compounds on various fitness-determining traits, but also has a direct 
application to the captive breeding of booroolong frogs and potentially other threatened 
anurans. Expediting larval growth and development has the potential to improve the 
sustainability and management of captive populations and minimise the expenses 
associated with their rearing and release. Overall, this thesis highlights the various ways 
that ARTs may assist with CBPs, and emphasises that further developing these 
approaches has the potential to greatly influence the reproductive success of endangered 
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APPENDIX 1  Complimentary experiment: the effect of cellulose on larval 





A complementary experiment was conducted in parallel to our main study and aimed to 
determine whether the cellulose additive had an affect on larval growth and 
development. Tadpoles were reared to metamorphosis under one of two dietary 
treatments, with 36 replicate individuals per treatment. Treatment 1 consisted of 
tadpoles reared on a basal only diet, which consisted of 990mg ground fish flake 
mixture (75:25 mixture of Sera Flora/ Sera Sans; SERA, Germany) and suspended in 
10mL of reverse-osmosis water. Treatment 2 consisted of tadpoles reared on a 
cellulose-supplemented diet, which consisted of 990mg ground fish flake mixture, 
10mg of cellulose (435236; Sigma-Aldrich, Castle Hill, NSW) and suspended in 10mL 
of reverse-osmosis water. Animals were individually housed in plastic containers (10cm 
diameter and 10.5cm high) and were held in groups of nine containers per plastic 
drainage tray, with each row as alternating treatments across one shelf in the 
experimental room (Chapter 4; Fig. 8). The room was artificially illuminated on a 15: 9 
hour, day: night cycle (including twilight lighting for half an hour each cycle to simulate 
dawn and dusk). In addition to overhead room lighting, UV-B lights (Reptisum 10.0 
UVB 3600 bulb; Pet Pacific, Australia) were suspended approximately 20cm above the 
shelf, providing 6.5 hours per day of UV-B light (between 10am to 4:30pm). Ambient 





Complementary experiment: effect of cellulose supplementation (0 & 10 mg g-1) on 
time to metamorphosis, mass at metamorphosis and survivorship (percentage) in 
booroolong frogs (n=72). Results from one-way ANOVAs are presented for time to 
metamorphosis data and mass at metamorphosis data and results from Chi-squared 
likelihood ratio test for survivorship data. Data present are untransformed means ± 
SEM. Experimental treatments connected by the same letter are not significantly 
different from one another (P<0.05).  
 





Time to metamorphosis (days) 
 
 
80.34a ± 1.20 
 





Mass at metamorphosis (g) 
 
0.28a ± 0.006 0.26a ± 0.005 2.271,61 0.1368 
Survivorship (%) 
 
88.9 91.7 0.1591 0.6903 
 
154 
APPENDIX 2  A detailed summary of all vertebrate literature (non-human) that has investigated the effect of dietary carotenoid 
   supplementation on growth and development (Chapter five associated supplementary information)  
 















Rainbow trout  
(O.mykiss) 
 





Algae (Haematococcus pluvialis) (Ratio 
of carotenoids unknown, main 
compounds; astaxanthin, canthaxatin, 
beta-carotene, lutein) 
Astaxanthin  
100 11-14.8° Survivorship 
Mass 
No significant effect  
0 and 20 mg/kg exhibited lower growth rates, 




Rainbow trout  
(S.gairdneri) 
Fry 1.4, 3.9  
mg/kg 
Astaxanthin (from krill meal) 42 13-16° Dry mass 
Total length  
No significant effect  




Rainbow trout  
(O.mykiss) 
 
Adult 0, 49.8  
mg/kg 




No significant effect  
No significant effect 
No significant effect 
No significant effect 
Cheng et al. 
(2001) 
Mule duck Duckling 0 
200  






AFB : beta-carotene  
AFB : beta-carotene 
AFB : astaxanthin 
21 - Body mass No significant effect 
 
 






Adult 0, 2.5, 5, 10 
% of food 
weight 
Spirulina meal  
 
84 26.7° Mass 
Survival   
Lower in fish fed 0% compared to other treatments 
No significant effect 





Juveniles 0, 1, 3, 5, 8  
% of food 
weight 
Spirulina meal  
 
140 27.5° SGR 
Mass 
Length 
Increased as spirulina increased 





















Carotenoid pigments from Rosa 
rubiginosa  
28 - SGR 
Total length 
Survivorship  
Increased with increasing carotenoid dose 




















56 26° Mass  Higher in fish supplemented china rose petal 
compared to control 
 
Christiansen 









135 12.5° Survivorship 
Weight  








Fry 0, 0.2, 0.4, 






77 12.7° Survivorship 
SGR 
Mass 
Higher in fish fed astaxanthin above 5.3mg/kg  
As above 











s used in 
Christians
en et al. 
1995) 








Higher in groups fed 36 and 190mg/kg compared to 0 
and 5.3 mg/kg treatment groups 
As above  
As above  
Cucco et al. 
(2006) 
Grey partridge  
(P.perdix)  




42 20.5° Mass Higher in groups fed 22mg/kg during early growth 
(0-10 days), however no difference past day 10 (to 
day 31) 
Amar et al. 
(2004) 









Microalgae (35% beta-carotene)  
Red yeast powder (0.5% astaxanthin and 
0.78% xanthopylls)  
63 15° Mass 
SGR 
No significant effect  
No significant effect 
Kalinowski 
et al. (2005)  









Astaxanthin (derived from shrimp shell 
meal)  
105 17-19° Mass 
SGR 
Total length  
No significant effect 
Cucco et al. 
(2008) 
Grey partridge  
(P.perdix) 
Chick 2.2, 22 
mg/kg 
Beta-carotene  42 20.5° Mass No significant effect 





Adult 0, 3, 4, 6, 8, 
15 g/100g  
Marigold petal meal  
(Tagestes erecta)  
28 - Mass 
SGR 
Higher in control groups compare to other treatments 
As above  




Adult 0, 10, 20, 40 
mg/kg 
50: 50 astaxanthin: beta-carotene 
 
56 26-28° Survivorship  
Mass 








Rainbow trout  
(O.mykiss) 
 








No significant effect 










5% of dry 
food weight 
Spirulina 
Marigold petal meal 
Shrimp head meal 
Turmeric 
56 - Mass 
 
% weight gain  
Increased in shrimp head meal groups but decreased 
in turmeric treatment groups  







 Larvae   0, 10  
mg/g 
50: 50  
Beta-carotene: lutein/zeaxanthin 





Near-significant increase in limited UV environment 
Significantly increase in carotenoid groups  
  







0, 0.1, 1 
mg/g 
 
50: 50  
Beta-carotene: lutein 
21  25° Survivorship 
SVL 
No significant effect  
Adult  0, 0.25  
mg/g 
 




25° SVL No significant effect (24-66 days); Increased female 
















No significant effect 
Slower developmental rates in 10 mg/g group 








Body mass  
 
No significant effect 
Reduced in 1 and 10 mg/g groups  
Cothran et 
al. (2015) 
Grey tree frog 
(H.versicolor) 










Decreased in 10 mg/g group compared to 0 mg/g 
Slower in 10 mg/g group compare to 1 mg/g, which 
developed slower than 0 mg/g 
Adult 0, 1, 10  
mg/g 
4: 1 




Body mass  
 
No significant effect 
Reduced in 1 and 10 mg/g groups compared to 0 
mg/g 







40: 43: 5: 12 
Astaxanthin: beta-carotne: 
lutein/zeaxanthin/cryptoxanthin: spirulina 











Supplemented adult pairs produced more tadpoles 
and more tadpoles transitioned to metamorphosis 
compared to control group 





Larvae  0, 0.07  
mg/g 
Commercial carotenoid mixture (Biggest 
proportion; vitamin E) 
139  12° Survivorship 





No significant effect 
No significant effect 
No significant effect 




APPENDIX 3 Carotenoid composition of the basal diet fed to larval and post-
metamorphic L. booroolongensis   
 
 Larval diet Post-metamorphic diet 
Carotenoid compound %TC mg g-1 %TC mg g-1 
Astaxanthin 1.60 0.000233 1.45 0.000076 
Canary xanthophyll B 1.40 0.000204 3.02 0.000159 
α-Doradexanthin 1.60 0.000233 0.02 0.000001 
Canary xanthophyll A 5.10 0.000741 20.57 0.001081 
Lutein 15.60 0.002268 16.67 0.000876 
Zeaxanthin 6.30 0.000916 0.53 0.000028 
3’-Dehydrolutein 2.70 0.000392 1.58 0.000083 
Adonirubin 5.90 0.000858 0.72 0.000038 
Echinenone 0.00 <0.000001 0.00 <0.000001 
Canthaxanthin 1.10 0.000160 0.65 0.000034 
Anhydrolutein 1 0.30 0.000044 0.03 0.000002 
Anhydrolutein 2 0.00 <0.000001 0.13 0.000007 
Anhydrolutein 3 1.30 0.000189 1.80 0.000095 
β-Cryptoxanthin 12.20 0.001773 13.37 0.000702 
Lycopene 1 0.00 <0.000001 5.70 0.000300 
Lycopene 2 5.30 0.000770 2.02 0.000106 
Lycopene 3 0.00 <0.000001 0.00 <0.000001 
α-Carotene 0.00 <0.000001 0.00 <0.000001 
β-Carotene 37.60 0.005466 20.30 0.001067 
Unknown 1 2.00 0.000291 11.45 0.000602 
Total carotenoids  100.00 0.014536 100.00 0.005255 
Results of reverse-phase high-performance liquid chromatography conducted by the Animal Health 
and Research Centre at Adelaide Zoo. %TC = percentage of total carotenoids 
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